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PREFACE 



No one who pauses to reflect can fail to admire the master minds 
of medicine who, by simple signs and statistics, not only interpreted 
many disease processes correctly, but upon them built an admirable 
system of diagnosis. Nothing can be substituted for the power of 
accurate observation, either at the bedside or in the laboratory. 
Nevertheless, it happens that many phenomena of the circulation, 
normal and abnormal, remain undetected by our unaided senses. 
Consequently, various instrumental methods have been introduced 
which supplement our direct observations, either by recording 
the functions of the circulation graphically or by translating them 
into numerical terms which the mind can more definitely grasp. 

This monograph deals with the ways in which the application 
of laboratory methods to the clinic has led to the elucidation of 
many obscure conditions, to the recognition of new diseases, and to 
the institution of new forms of treatment. In order to present 
the subject in the consecutive and logical manner necessary for 
academic purposes and still retain the convenient arrangement 
demanded of a reference medium, it has been divided into three 
sections. 

The chapters of the first section attempt to present our most 
modern conceptions as to how the circulation is maintained in 
health. This is of fundamental importance, for no one can assay 
to discuss the abnormal conditions of the circulation from a modern 
standpoint without constant reference to the fundamental physio- 
logical conceptions. Unfortunately, in some respects, many of our 
current views must be revised to accord with the facts brought to 
light by the application of more improved methods in experimental 
investigation. Hence, it is desirable not only to review our new 
acquisitions of knowledge and fit these in with those long accepted, 
but to describe, to some extent, the principles of the newer ap- 
paratus by which they are obtained. 
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The second section deals with the various instruments and pro- 
cedures which are available for studying the circulation of man. 
Its purpose is more far-reaching than to serve as a mere catalogue 
of apparatus or a chronicle of "procedures" and "interpretations." 
It attempts, above all, to place a correct valuation upon different 
forms of apparatus and to point out their limitations and errors. 
To do this justly would be an impossible task were the question, 
as in the past, still a matter for individual opinion or preference. 
Fortunately, however, matters have recently changed. Through 
the painstaking analyses of men like Frank, Einthoven and their 
associates, the enormous value of whose contributions is still 
imperfectly appreciated, the principles underlying the construction 
and valuation of an instrument have been carefully evolved. 
Consequently, it is now possible, not only to construct mechanical 
apparatus along scientific lines, but also to ascertain definitely 
the defects and limitations of that already in existence. 

In the chapters comprising the third section the effort has been 
made to correlate the data obtained by experimental investigation 
of abnormal conditions in the laboratory with the results derived 
from the application of instrumental methods at the bedside and 
then to relate these, in turn, with the simpler signs and symptoms 
of the clinic. Careful study has shown that such a comparison of 
different procedures in nowise diminishes the value of simple 
diagnostic criteria, but, on the contrary, often gives them an added 
significance or a clearer meaning. 

In attempting such a correlation, reserve and caution must be 
exercised lest in our overzeal to use attractive clinical methods, 
we incorporate results from insufficiently tested or inaccurate 
apparatus, or, lest we transfer results obtained from experimental 
animals under one set of conditions, ito the diseased human body 
in which conditions are entirely different. 

Having thus delineated the scope and character of the separate 
sections, it seems appropriate to indicate briefly a few of the prin- 
ciples followed in their writing. It has been taken for granted that 
the reader of the first two sections has at least a general knowledge 
of the circulation as presented in current text-books of physiology, 
and that the reader of the last section is equally familiar with a 
description of circulatory disorders as found in text-books of 
medicine. The endeavor has been made, as far as consistent with 
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the complicated nature of the subject, to present the subject 
material in a clear and simple way. It is a mistake, however, 
to define simplicity as synonymous with paucity of details or the 
avoidance of scientific modes of expression. The subject matter 
has been largely selected directly from the original sources and the 
chief references on each topic have been appended to the end of 
every chapter. It is probable that in the reading or digestion of so 
great a literature as has grown about the subject some errors of 
omission and commission have been made. For their correction, 
the author invites the cooperation of the reader. Attention may be 
called to the fact, however, that the original conclusions are not 
always accredited to the investigator in question when it has 
appeared to the author that they were unwarranted by the data 
or when they seem to read counter to facts. In general, it has been 
the endeavor to present the facts and data in preference to the 
"conclusions." 

Throughout the book, the author has incorporated the results 
of his own investigations on the circulation extending now over 
a period of eleven years. Some of hjs more recent work appears 
here for the first time. Similarly, it has been possible, with their 
kind permission, to introduce several unpublished reports of the 
recent work of a number of colleagues. 

The separate chapters have, with a number of exceptions, been 
submitted for approval or criticism to investigators or clinicians 
who were especially conversant with the subjects set forth in those 
chapters. It is a pleasure to acknowledge with gratitude their 
many kindly suggestions. To Mrs. Wiggers the author is especially 
indebted for many faithful hours of help rendered in preparing the 
manuscript. 

New York, 1915. ^- J- ^- 
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SECTION I. 



CHAPTER I. 

THE PHYSIOLOGICAL PROPERTIES OF THE HEART 
AND THEIR CONTROL. 

Heart tissue is endowed with four fundamental properties: 
Rhythmicity, the power of originating its impulse; conductimty, 
the power of transmitting the impulse; irritability, the power of 
responding to an impulse or irritant, and contractility, the power of 
changing its shape and length in response to excitation. To these 
may probably be added a fifth function, tonicity, or the power of sus- 
tained partial contraction by virtue of which it resists stretching. 

METHODS OF STUDYING THE HEART BEAT. 

The Mechanical Reaction of the Heart. — The registration of the 
mechanical contraction and relaxation of the heart has been of 
great value. By recording the rapidity and amplitude of contrac- 
tion the phenomena of contractility and irritability have been 
studied, the latter, on the assumption that if the impulse may be 
regarded as of constant intensity, then the amplitude is an index 
of irritability. By recording the rate and extent of active relaxation, 
the tonicity has been investigated. By estimating the time differ- 
ence between the beginning of contractions recorded from several 
different regions, the rate of conductivity has been studied. Thus, 
the difference between the beginning of auricular and ventricular 
contractions (the so-called As-Vs interval) has frequently been 
used as a measure of the conduction time. By recording and, 
still better, by careful observation of the sequence and priority of 
contraction in separate portions of the heart, the region in which 
rhythmicity predominates has been mapped out. It is apparent, 
therefore, that the accurate recording of the contractions from 
different regions of the heart is of great importance. 

The simplest procedure by which this may be accomplished 
consists in fastening one end of a thread to any point of the heart 
2 
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and attaching the other to a simple lever of such efficiency that 
it follows, with a reasonable degree of accuracy, the movements 
of that point of the heart to which it is attached. Unfortunately, 
sufficient attention has not been paid to the efficiency of levers. 
This is evident from an inspection of the levers in use in many 
laboratories, as well as from a study of published records. 
The factors that determine the efficiency of a lever may be briefly 

3 

stated by the formula G= — ^ — > 'n which G, the efficiency, is 

y L n 

inversely proportionate to v, the magnification; L, the length of 
the lever; and ii, its unit mass (Frank). In other words, the best 
lever is theoretically the one with the lowest magnification, the 
shortest length, and the lightest material. These qualifications 
have a practical limit. On account of the great arcs written, a 
lever less than 6 cm. in length is not feasible. On account of a cer- 
tain required rigidity, an infinitely light lever is also impossible 
unless beams of light which record photographically are used. 

In the selection of ponderable levers, one should choose, whenever 
possible, short, hollow straws tipped with light yet flexible pointers, 
and the magnification should be reduced to the lowest figure. It 
may be pointed out in this connection that physiologists have 
usually been too greatly concerned with obtaining records of 
large amplitude, and have been unaware that such have been 
secured at the expense of accuracy. Provided that friction between 
drum and pointer are minimized or, better, entirely avoided by 
photographic registration, there is no reason why records 10-15 
mm. in amplitude are not adequate for most purposes. In case 
larger records are needed, it would be far better to secure them by 
subsequent photographic enlargement, which can be done without a 
sacrifice of accuracy. 

Instead of transmitting the movements of a point on the heart 
directly to a lever, it has been found more convenient to transfer 
them to a receiving capsule closed with rubber dam and then 
communicate the change by air transmission to a recording capsule 
of the Marey type. Although exceedingly convenient, such devices 
are always less efficient for the same amplitude of record than direct 
lever-registrations. Their extensive use has therefore not added to 
the accuracy of the study of heart functions. 

In determining the adequacy of the apparatus for the purpose in 
hand — i. e., in satisfying oneself that the lever, on account of 
resonance effects and interference waves, does not distort the con- 
tour and height of curves and that the rise starts promptly — the 
physical principle is made use of that the inherent vibration- 
frequency of the apparatus must definitely exceed the highest 
rate of vibrations it attempts to record. Thus, it is clearly impos- 
sible to make a second's pendulum vibrate 15-30 times per second. 
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Feats no less ridiculous from a physical standpoint have, however, 
been attempted by physiologists. Thus, a lever with one or two 
inherent vibrations per second would be adequate to record the 
slow beats of a frog's or a tortoise's heart, but entirely inadequate 
to record the contractions of a rabbit's or cat's heart beating at a 
rate of 200-250 per minute. 

Given a lever or tambour-system of such efficiency that the 
punctate movements of the heart are accurately recorded, the 
question still remains whether the movement of the point on the 
heart is an index of the amplitude of contraction. Obviously, 
this depends entirely on conditions. If the opposite point is fixed 
or stationary, the movements of the chosen point will correspond 
well with variations in the length of the muscle fibers. This is 
the case of the perfused heart, in which the base is fixed by a can- 
nula in the aorta and the movements of a point on the apex of 
the left ventricle are recorded. On the other hand, if the opposite 
point moves or the heart, as a whole, is dislocated, then the variations 
of any point communicated to the most ideal lever give no reliable 
information as to the variations in the length of cardiac fibers. 

To obviate this disadvantage in punctate registration, various 
forms of myocardiographs (Roy, Cushny) have been introduced. 
These instruments consist of two arms fastened by hooks or by 
stitches to the heart. One arm is stationary and the other movable. 
The movements of the latter are communicated either directly 
to a lever (Roy, Cushny) or to a recording tambour (Wiggers). 
The latter has the advantage that the oscillations can be led any 
distance by rubber tubing. The cardiograph (Fig. 1) attached to 
a Lombard pattern of a recording tambour can be fitted up so that 
it has a vibration frequency of 16 per second, while it remains 
sensitive enough to record the beat of the cat's heart. In this 
apparatus the lever moves up in systole, while in Cushny's myo- 
cardiograph the lever is raised during relaxation by a light spring 
and drawn down by the shortening of the heart. Since the entire 
instrument swings freely in all directions as the heart shifts its 
position, the actual shortening between two points is obtained 
independent of all secondary movements of the heart. To attain 
this end most efficiently, however, it is desirable to so attach the 
points that the distance between their attachments is not influenced 
passively by volume changes within the heart. It is more desirable, 
for instance, to attach the two arms to the anterior surface of the 
ventricles than to the lateral aspects; in which case the varying 
volumes of the left and right ventricles might modify the excursions. 
The construction of these instruments has so far necessitated the 
introduction of such considerable mass that it is questionable 
whether the recorded waves are not distorted and whether a reaction 
of the entire mass of the instrument upon the heart is not enough 



20 



PHYSIOLOGICAL PROPERTIES OF THE HEART 



to render its action unnatural.^ This ilisadvantage has been 
recently overcome in a miniature form of niyocar(liograj)li <lesig'ned 
and now being used i)y the author in connection witli o])tically 
recording capsules. The total weight of the niyocardiograph is 
less than 2 grams. 

The Electrical Record of the Heart Beat. — Since e\cry initiation 
of activity is accomplished by the devclo])ment of a t'ondition of 
electrical negativity and the spread of the imi)ulse is accompanied 
l)y a similar state of negati\ity, it has been souglit h\ this means 




r'ardiiigiaph and rcfor<;liii<^ tanilmiir. 



to determine the origin and propagation of the cardiac injpulse 
more definitely than is possible by mechanical registration. This 
has been given a new impetus by the introduction of the Eirdhoern 
string galvunomcicr. The j:)rinciples, details, and critique of this 
apparatus luu'c been reserved for a later chapter (cf. page 154). 
For experimentally in\'estigating the rhythmicity and conductivity 
of hearts, the poles of the string gah'anometer are connected to some 



' For a full fonsideratioii of the qualities of levers and the methods of registering 
the heart beat, consult Frank, in Tigerstedt's Handbueh der physiologisehen 
Methodik, 1911, I, part IV, p. 17; and II, 1913, part IV, p. 17.5. 
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form of non-polarizable electrodes. From their non-polarizable 
surface a worsted thread is suspended so that its tip lies on or, 
better still, is fastened to the heart. When the base is connected 
to one pole and the apex to another, a curve is recorded that con- 
tains three distinct waves, P, R, and T, the latter being frequently 
a downward wave. Although there is some evidence to the con- 
trary (page 160), the interval between the rise of the P and R waves 
is usually considered equal to the time required for the impulse 
to pass from its point of origin to the ventricular musculature. 
Any variation of this interval is therefore an indication of an altered 
conduction time. In addition to determining the relative electrical 
variations between the base and apex of the heart (page 163), 
the string galvanometers have been employed to determine the 
initial activity in more restricted areas, for when two such points 
are connected, the one showing the first sign of negativity is pri- 
marily active. The study of the point of initial activity has been 
furthered by the application of differential electrodes to mammalian 
hearts (Garten and his pupils). The method permits one not only 
to determine the existence of initial negativity, but indicates the 
direction that the excitation process takes. 

THE PHYSIOLOGICAL PROPERTIES OF THE HEART. 

Rythmicity. — Stannius, by his classical experiment, established 
almost conclusively that the beat of the cold-blooded heart starts 
in the sinus mnosus. His experiment consisted in tying a ligature 
about the sino-auricular junction, whereupon the beat of the 
auricle and ventricle ceased while that of the sinus continued. 
Inasmuch as the human heart is evolved from an embryonic organ 
in which a sinus venosus region is present (His), it seems logical 
to assume that the remains of the sinus tissue probably constitutes 
the rhythmic region. 

The question naturally follows. What becomes of the sinus 
region in the mammalian heart? Studies in comparative anatomy 
show that, while the cavities of the sinus, auricle and ventricle 
are in direct communication the musculature of the auricle is not 
interspersed between sinus and ventricle but rather superimposed 
upon the connecting band, known in comparative anatomy as the 
canalis auricularis (MacWilliams) . In the mammalian heart the 
sinus tissue has become submerged in the musculature forming the 
posterior portion of the auricle between the openings of the superior 
vena cava above, and the coronary sinus below. Within this 
region lies a special knot of heart tissue, the sinus node (Keith and 
Flack). This node, situated in the groove called the "sulcus 
terminalis" is a club-shaped mass, its headlike enlargements sending 
a few strands up to the superior vena cava, its lower end terminating 



22 



PHYSIOLOGICAL PROPERTIES OF THE HEART 



midway between the superior vena cava and the coronary sinus 
(Fig. 2). 

Histologically, this node is composed of delicate, fusiform, 
interlacing muscle fibers embedded in a densely packed connective 
tissue. The fibers are pale in color, faintly striated and contain 
elongated nuclei. The node is not entirely a muscular structure, 
as was originally supposed, but contains many nerve fibers and 
fibrils and a few ganglion cells (Oppenheimer and Oppenheimer). 
Keith and Flack suggested that this node represents the remains 




Right Ventricular 
Branch 



Fig. 2. — Schematic figure showing relations of sinus node, A-V node, A-V bundle, 
His-Tawara branches as well as probable relations of ganglion cells and extrinsic 
nerve fibers. R, right vagus; L, left vagus. 

of sinus tissue, and Lewis has designated it the " ■pacemaker" of the 
heart. The experimental evidence in favor of this view is: (1) 
that excision of this node generally causes a cessation or slowing 
of the auricle (deJager, Hering, Cohn, Kessel and Mason); (2) 
that of the tissue in this vicinity, the node alone is sensitive to tem- 
perature changes (Brandenburg and Hofl^man, Ganter and Zahn, 
Zahn); and (3) that the node becomes electrically negative before 
the rest of the sinus region (Wybauer, Lewis, Lewis, Oppenheimer 
and Oppenheimer, Eyster and Meek, Garten and Sulze). 
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It is interesting to note that the sinus node is by no means the 
only locahty in which the impulse actuating the heart beat can 
originate, but that the seat of impulse formation may shift for a 
longer or shorter time to some other portion of the conducting 
system. Thus, if the sinus node is either depressed or destroyed 
(formalin, cold, inflammation) or, if the irritability of the a— « node 
is raised, the latter assumes the role of controlling the heart beat. 
By heating or cooling the a-v node by a specially constructed 
thermode, it has been possible to show that when the impulse 
originates here the As-Vs interval is not necessarily reduced, as 
commonly supposed; but that such a shortening occurs only when 
the impulse originates from the middle region (Zahn) . It is extremely 
probable that, owing to the nervous mechanisms which modify 
the relative irritability of these structures, there is normally more 
or less shifting of the pacemaker; and that some cases of cardiac 
acceleration are due, not to a hyperactivity of the sinus node, but 
to the fact that the pacemaker has shifted toward the a-v node. 

Conductivity. — By what paths and in what manner are the im- 
pulses propagated to the auricles and ventricles so that they beat 
in definite sequence? By extensive histological investigations (His, 
Tawara, Braeunig, Retzer, and De Witt) it has been shown that 
a definite conducting system lies enclosed within its own sheath 
beneath the endocardium. This may be spoken of as the His- 
Tawara system. It begins as a few strands of muscle fibers in the 
region of the coronary sinus. These converge toward a thickening 
spoken of as the auriculo-mntricular node (Tawara) or, more cor- 
rectly, perhaps, the sino-ventricular or supra-ventricular node. From 
this node a thin strand passes across the auriculo- ventricular septum 
forming the bundle first described by His and bearing his name. 
It courses downward and forward reaching the membrano-muscular 
junction of the interventricular septum. Here it divides into two 
branches which pass subendocardially, one to the left, the other to 
the right ventricle. These, in turn, divide and redivide, some 
strands crossing the cavity of the ventricle as "false cords," others 
dividing more and more until they join the muscle cells forming 
the ventricle walls (Fig. 2). 

The muscle cells composing this system difl'er in their general 
appearance in various regions. The cells of the auriculo-ventricular 
node resemble those of the sinus node, but as the strand passes into 
the bundle of His their character changes. Their striations are 
less marked and the nuclei are large; in short, they assume the 
characteristics long ascribed by Purkinje to the peculiar cardiac 
fibers that bear his name. It still seems questionable whether, in 
man, communication with the cardiac muscle cells is made through 
such Purkinje cells in the ventricular walls or whether a direct 
union occurs (Fahr). The His-Tawara system, even more than the 
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sinus node, is a neuro-muscular structure for not only are separate 
nerve fibers distributed through it, but distinct bundles and trunks 
are also present. In addition, ganglion cells are found (Wilson, 
Engle, DeWitt). Returning to the other end of the conducting 
system, it may be stated that the exact morphological connection 
between the sinus node and the auriculo-ventricular node has 
not been definitely established. 

The anatomical paths by which impulses reach the auricle are 
not certainly known. Three possibilities exist: (1) the impulses 
may pass from the sinus node to the a-« node, and from this place 
may stimulate the auricles as well as the ventricles; (2) the impulses 
may be sent to the auricular tissue first, and from this to the a-v 
node, and so to the ventricles; or (3) the auricles and ventricles 
may be stimulated by separate impulses. Opposed to the second 
view is the evidence that the a-v node becomes negative about 0.015 
seconds before the auricle does (Fig. 75, A) (Eyster and Meek). 
In favor of the last view is the fact that in the embryo a direct 
communication between the sinus tissue and the ventricle exists 
without intervention of auricular tissue, and also that the wave of 
negativity spreads from the sinus node in all directions at the rate 
of 800 to 1200 mm. per second (Lewis, Hering). 

The impulse is not conducted to the ventricle through the His- 
Tawara system at a constant velocity, for if this were so we should 
expect it, on the basis of its velocity in ventricular Purkinje muscle, 
to travel a greater distance in the same time interval (Erlanger). 
Lewis' has recently placed the rate of conductivity of intact ventric- 
ular cardiac muscle at 2000 to 3000 mm. per second. It is quite 
evident that a delay occurs somewhere in the conduction from sinus 
to ventricle. Upon the basis of Gaskell's experiments on the tor- 
toise, the delay has generally been attributed to the fact that the 
impulse must pass over the narrow a—!) bundle. The experiments 
of Erlanger, however, make this seem improbable by showing 
that the impulse has a very considerable velocity in very narrow 
tendons of Purkinje tissue (at least 750 mm. per second). It is 
more probable that the delay occurs in the a-v node for not only 
is this region most susceptible to complete block (Lewis, White, 
and Meakins), but the delay can be increased by cooling and 
decreased by warming the node, procedures that seem to have less 
influence on the rest of the conducting system. According to Zahn, 
it is possible to show by finer methods that the delay actually 
occurs in the middle portion of the a-u.node. Having passed this 
node, the impulse spreads at a uniform rate so that the entire 
ventricular musculature is apparently excited at almost the same 
time (Garten and his pupils). Very careful measurements, however, 

• Harvey Lecture, New York, October 24, 1914 (unpublished). 
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have shown that the sHght difference of a few thousandths of a 
second in the time of the appearance of negativity over the middle 
right ventricle and over the apex of the left may be attributed to 
the thinness of ventricular muscle at the former place and the 
closer approximation of the Purkinje tissue to the surface (Lewis). 

The probability that impulses reach the ventricle entirely and 
necessarily through the His-Tawara system is generally regarded 
as established by the fact that when the bundle of His is cut or 
crushed, the impulses fail to reach the ventricle. Kent, however, 
has described other muscular paths running especially from the 
posterior-auricular wall on the right side to the ventricular septum 
{"right lateral connection"). The existence of such fibers has 
been confirmed by subsequent studies of His and Mall, and a func- 
tional use was demonstrated by Kent. He showed that if the 
auricles and ventricles were severed so that only these bridges 
remained the impulses continued to be sent to the ventricle. The 
practical significance of these tracts, however, remains unsolved. 

Contractility and Irritability. — The question arises whether the 
amplitude of cardiac contraction is determined by the intensity of 
the stimulus received through the Purkinje system. Apparently 
no direct observation upon this subject has been made but the 
reaction of the ventricle to artificial stimuli is opposed to such an 
assumption. It has long been known that heart muscle responds 
by a maximal contraction to any stimulus that is not subliminal 
(Bowditch), a reaction which may probably be attributed to the 
extensive intercommunication in the muscle syncitium rather than 
to any peculiarity of cardiac tissue (Lucas; Gotch). 

The reaction of "all or none" as it is frequently termed after 
Ranvier, in no way implies that the heart cannot alter the amplitude 
of its contraction, but, on the contrary, presupposes that the 
irritability has not altered. Thus, after repeated stimulation, 
chemical action, etc., the amplitude may vary considerably when 
the stimulus remains unchanged. In short, the irritability of 
cardiac muscle and not the strength of the impulse determines 
the amplitude of contraction. 

Unlike skeletal striated muscles, the heart is not irritable during 
activity. Thus, while a stimulus applied during its relaxation 
causes a second contraction, one applied during contraction elicits 
no response, i. e., the heart is said to be in its refractory period 
(Marey). In explanation of this phenomenon, it is generally 
supposed that the irritability of the heart is built up during relaxa- 
tion and rest and is suddenly released at the onset of contraction, 
just as a gradually filling pail may be suddenly upset. Recent 
experiments have raised the issue, however, whether the refractory 
phase may be regarded as a function of irritability (Schultze), 
for it persists in unaltered relation to the length of systole, even 
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when the irritabihty is raised by salts and temperature. Schultze 
therefore concludes that the muscle fails to respond during the 
refractory phase because neither the chemical reaction nor the 
physical rearrangements of colloidal particles has been completed. 
Inasmuch as the hearts of crustacese in which ganglion cells and 
nerve fibers are situated extracardially do not exhibit a refractory 
period, the question has arisen whether the refractory state in 
vertebrate hearts is a function of the muscular tissue or of the 
ganglion cells contained within the muscle. The ffict that the 
refractory period can be abolished (Rohde) or abridged (Schultze) 
would seem to favor such a view, especially since in the limulus 
heart this drug acts by preference on the nerve cells (Carlson). 
It may be pointed out, however, that the admission that nerve 
cells determine the refractory phase in no way compromises the 
view that the impulse is of myogenic origin. 

Tonus. — Although there is a certain amount of evidence that 
variations in the fundamental contractions are related to changes 
in tonus, it is probable that the two functions are separate and 
independent. Thus, it has been shown by Porter that, unlike 
fundamental contractions of the heart, tonus contractions are 
proportional to the strength of stimulus, have no refractory period, 
may be superimposed and develop into "tetanus of tonus," meaning 
by this the fused series of tonus contractions upon which the funda- 
mental contractions are placed. Porter points out that the great 
and permanent contraction into which the heart can go upon 
repeated stimulation is not a tonus due to fusion of fundamental 
contractions but a fusion of tonus contractions. It seems that a 
certain amount of tonus is favorable to the occurrence of vigorous 
fundamental contractions. Thus, it has been shown that the 
tonus as well as the amplitude of contraction is simultaneously 
decreased by the presence of CO2 and increased by oxygen 
(Ketcham, King and Hooker). On the other hand, the influences 
that increase the one may decrease the other. This is the case of 
adrenalin which diminishes the tonus but augments the fundamental 
contractions. 

The part played by tonus in the efBciehcy of the mammalian 
heart beat has been frequently discussed by clinicians and investi- 
gated by laboratory workers. ' Unfortunately, the subject has 
been complicated by the fact that the conception which regards 
torms as a state of sustained partial contraction by virtue of which it 
resists stretching has not been strictly adhered to and the term has 
been loosely applied to any volume change at the end of diastole 
(Henderson, Cameron, etc.). Thus, if a glass oncometer (page 
56) is placed about the heart and the diastolic volume decreases 

' Compare also pages 63 and 306. 
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it is said to indicate an increased tonus. It is evident, however, 
that the diastolic volume is dependent on the duration of diastole 
as well as on the passive distensibility which depends on the dis- 
tending pressure. We are therefore obliged to conclude that the 
significance and importance of true toniis for the efficiency of the 
mammalian heart has not been sufficiently investigated. 

THE INFLUENCE OF CARDIAC NERVES. 

Anatomical and Histological. — The heart is supplied by two sets 
of nerve fibers, those passing from the medulla in the vagus trunk 
and those arising from the upper segments of the thoracic cord, to 
pass by white rami fibers to the stellate ganglion, thence by the 
fibers of the Annulus of Vieussens to the inferior cervical ganglion, 
from which point fibers intermingle with those of the vagus in 
complex fashion. Fig. 3 shows the details as found in the dog, 
in which animal the relations resemble those in man (Dogiel). 
By special treatment the nerve fibers can be seen to form plexuses 
about the larger arteries and on the posterior surface of the auricles, 
some sweeping over the auriculo-ventricular groove to the ventricles. 
Between the fibers knob-like masses are everywhere evident in the 
basal plexuses of the heart (Bohm, Lim Boom Keng, Dogiel, Miiller, 
Marchand and Meyer, etc.). The nerve supply is essentially 
homolateral although there is some overlapping of the right fibers 
on the anterior aspect of the ventricle. 

The most interesting question in connection with the nerve 
supply has been the relation of the extracardiac fibers to the fibers 
of the sinus node, the a-w node and the His bundle with its branches. 
Although many technical difficulties have prevented histologists 
from actually following the connections, the relation is becoming 
gradually clearer as a result of the studies of Dogiel, De Witt, Keith 
and Flack, Meiklejohn, Morrison, Oppenheimer and Oppenheimer, 
Wilson, Marchand and Meyer. It appears that the vago-sym- 
pathetic strands which pass sub-epicardially to the posterior region 
of the auricle apparently end around the multipolar and monopolar 
cells situated in the sinus region or on those in the interauricular 
septum. That they are truly relay stations for vagus impulses 
is evident from the fact that local application of nicotine abolishes 
the inhibitory vagus action (Marchand and Meyer). The ganglion 
cells around which medulated fibers presumably of vagus origin 
end are small. They contain many processes and their non- 
medulated axones can be traced to muscle cells (Dogiel). The 
relation of another type of ganglion cell which is larger and ends in 
a long medulated axone has not been discovered. Within the sinus 
node itself, ganglion cells are absent or very scarce, but nerve fibers 
sometimes aggregated into a small nerve trunk enter the sinus node 
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Fig. '■',. — Nerve supply of the dog's heart. », vagus nerve; gs, inferior cervical 
ganglion; rt, /j, annulus of Vieussens; gi, superior thoracic or stellate ganglion; nr, 
recurrent laryngeal nerve; 1, 2, 'i, 4 and .5, vago-sympathctic filanient.s to ht.'art. 
(After Dogiel.) 
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and plexuses into the ramifications of the His-Tawara system. 
Some of these fibrils end around nuclei of the muscle cells, while 
the termination of others apparently remains unknown. It is 
impossible from histological evidence to decide whether these 
fibers passing to the ventricle belong to the sympathetic or the vagus 
system. 

Action of Vagus and Sympathetic Fibers. — ^The vagus and sym- 
pathetic fibers exert an antagonistic action on the functions of the 
heart. Thus, as is well known, stimulation of the vagus decreases 
the rate, while stimulation of the sympathetic accelerates it. This 
antagonism is generally regarded as not restricted to the effect on 
rate alone, but the vagus is supposed to 'exert a negative and the 
sympathetic a positive influence on all the functions of the heart. 
(Engleman). Moreover, according to some investigators, these 
functions are mediated by separate nerve fibers (Pawlow). The 
earlier work supporting this idea is reviewed extensively in Nagel's 
Handbuch. It will be our purpose to investigate to what extent 
recent work upholds this hypothesis. 

1. Influence on Rhythmicity and Conductivity (Chronotropic and 
Dromotropic Effects) . — It is well known that if the divided vagus is 
stimulated by a weak tetanizing current, the heart rate is slowed and 
the interval between auricular and ventricular contractions, the 
As-Vs interval, is increased (Hering). If the stimulus is stronger, 
the heart may be entirely stopped for a time, but eventually either 
the auricle or the ventricle separately, or both together break away 
from the inhibition. 

While it has long been known that the right vagus frequently 
exerts a more pronounced inhibitory action, it has only recently 
been shown that a qualitative difference occurs as well (Cohn, 
Ganter and Zahn). Thus, when slowing of the heart occurs from 
stimulation of the right vagus, no alteration in the conduction time 
is apparent either from the As-Vs interval of myograms or from 
the P-R interval of the electrocardiogram. The suggestion made 
by Cohn and Rothberger and Winterberg that this indicates a 
direct influence of the vagus on the sinus node has been further 
substiantiated by Ganter and Zahn who found that, if during 
stimulation the node was warmed, the normal rate was restored. 
Stimulation of the left vagus, on the other hand, may cause a 
slowing of the ventricles without a corresponding change in auricular 
rate. It acts therefore largely by blocking the conductivity and 
can be counteracted by raising the temperature of the a— « node. 
Although these changes are not manifest in all animals, it appears 
that in the majority of cases the right vagus fibers communicate 
largely with the ganglion cells sending fibers to the sinus node while 
the left vagus fibers terminate chiefly around cells, the fibers of 
which are distributed to the a-i) node and the His bundle. When 
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the ventricle escapes from inhibition the impulses originate on one 
side before the other. This is probably due to the establishment 
of an unequal degree of block in the distributing branches of the 
His-Tawara system (Fig. 2). 

Apparently there is a siinilar difference in the distribution of 
accelerator fibers (Rothberger and Winterberg). Stimulation 
of the right stellate ganglion causes an increase in auricular 
and ventricular rhythm without a change in conduction time. 
Upon stimulating the left stellate ganglion, the heart not only 
accelerates but the auriculo-ventricular conduction time is reduced 
or rendered negative (Hering, Rothberger and Winterberg) suggest- 
ing that the nerve terminals end around the a-i) node and by increas- 
ing its irritability make this the pacemaker of the lieart. If now 
the right stellate ganglion is stimulated, a further increase in rate 
occurs owing to the generation, at the sinus node, of more frequent 
impulses. 

2. Influence on Irritability and Contractility (Bathmotropic and 
Inotropic Effects). — It is frequently found that stimulation of the 
vagus diminishes the recorded contraction of the mammalian 
auricle although the ventricular contraction usually augments due 
to the long intervening rest. Occasionally, however, the amplitude 
of ventricular contractions has also been reported diminished while 
the duration of systole is prolonged (Klug). Such experiments 
have led to the conclusion that in the auricle, at least, the function 
of contractility is depressed by vagus stimulation. On the other 
hand, stimulation of the sympathetic causes coincident with or 
apart from an acceleration, an augmentation of the auricular 
and ventricular amplitude (Pawlow). Hence, it is generally 
assumed that the sympathetic contains augmentor as well as accel- 
erator fibers for the ventricle. 

Englemann has pointed out that a change in the amplitude of 
contraction may result either from a modification of irritability or 
of contractility and his experiments seem to demonstrate that, in 
the frog, stimulation of the vagus decreases the irritability of the 
heart apart from its influence on contractility and that this is 
responsible for the reduced amplitude. 

AH recent work seems to indicate, however, that the vagus 
influence is not exerted upon the irritability or the contractility 
of the mammalian ventricle, for, aside from fibers distributed to the 
conducting system, the bulk of ventricular musculature probably 
receives no fibers in communication with the vagus {cf. CuUis and 
Tribe for literature). Since it is possible, however, to influence the 
amplitude of ventricular contraction even after the a-v node had 
been severed, the conclusion seems probable that the irritability 
and contractility of the ventricle may be influenced through the 
sympathetic fibers passing from auricle to ventricle outside the 
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bundle of His. From studies on the hearts of eats, Henderson 
concludes that no such augmentor effect is obtained except when 
the ventricle is beating with considerably diminished vigor and the 
arterial pressure is low. Even then he found it to be of little 
consequence, incapable of causing a stroke that more than com- 
pensated for the abbreviated diastole caused by the more rapid rate. 
There is no clear evidence that the nerve fibers exert any influence 
on the tonus of the heart. Thus, Frank demonstrated on the frog's 
heart that if the initial tension is maintained high and constant 
so that the heart is passively maximally stretched, vagus stimulation 
causes no further relaxation. That the increased relaxation of the 
mammalian heart in diastole is similarly governed passively by 
venous pressure is evident from the volume curves of the ventricles 
(Henderson). 

INFLUENCES DIRECTLY AFFECTING THE HEART BEAT. 

The functions of the heart may be influenced not only through 
nervous channels, but also by influences brought into play through 
the blood stream. They may be classed as thermal, mechanical, 
and chemical. 

The Perfusion Method. — To study the direct influences, the 
perfusion method is frequently used, for, in this way, the factors 
may be separately varied and controlled with greater precision 
than is possible in the intact heart. In principle, perfusion aims 
to pass, through the vessels of the heart, a stream of nutrient fluid, 
under normal conditions of temperature and pressure in such a 
manner that both ventricles are adequately distended in diastole. 
The right ventricle is usually distended by fluid returning through 
the coronary veins but unless precautions are taken, the left ven- 
tricle remains empty and goes into a state of tonic contraction. 
This is frequently the case with the procedure of Martin and Lan- 
gendorf in which a cannula is placed in the aorta and the semilunar 
valves are closed. The writer has therefore preferred for general 
work the modification of Schaefer which consists in pushing the 
cannula beyond the valves into the left ventricle and depending for 
the coronary supply upon the fluid forced around it. 

The forms of apparatus are so numerous and the choice of solu- 
tions so great that it would carry us beyond our scope to enlarge 
upon them.i 

The Effect of Temperature on the Mammalian Heart. — An increase 
in temperature causes an increase in rate until an optimum has been 

' For a description of devices, see Tigerstedt's Handbuch der Physiologisohen 
Methodik, II, Part 4, p. 144. For several recent forms of apparatus, see Eyster and 
Lbvenhart, Jour. Pharmacol, and Exper. Therap., 1913, v, 57; Dresbach, Quart. 
Jour. Exper. Physiol., 1914, viii, 73. 
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reached. The writer is not aware that any investigation has been 
made to determine whether, in this case the sinus node remains the 
pacemaker or whether the a-zi node assumes that function. If the 
temperature is raised further the rate diminishes and, finally, 
(44°-45°) the beat ceases entirely (Martin). The rate decreases 
as the temperature falls and at temperatures varying from 13°-19° 
the beat again ceases. Rhythmicity is latent, however, and upon 
subsequent warming, a coordinated beat returns. The amplitude 
of contraction is increased by heat and decreased by cold, a change 
which is no doubt dependent on the altered excitability due to the 
different rates of chemical reactions; for, after increasing the 
temperature, the heart reacts to stimuli that before were ineffective. 
Cold increases, heat decreases tonus. The duration of the contrac- 
tion is also dependent on the temperature, variations from 0.13 to 
10-12 seconds being possible (Langendorf). Heat augments, 
cold decreases conductivity. Experiments in which similar effects 
are obtained by local application of heat to portions of the His- 
Tawara conducting system, seem to indicate that the effect of a 
general change in temperature must be referred to these structures. 

Effect of Pressure in the Coronaries. — To a certain extent, an 
increased flow through the coronaries increases the amplitude of 
cardiac contraction. That this is due, not entirely to an increased 
supply of nutrient fluid to the capillaries of the heart, but, in part 
at least, to the increased intravascular pressure, which accompanies 
such a change is indicated by the observation that, if the coronary 
vessels are perfused with neutral oil, the beat of the heart may for 
a while be maintained (Sollman). Porter and his pupils have 
shown that an increased intraventricular tension, although tending 
to decrease the coronary flow, increases the height of contraction. 
A certain amount of mechanical stretching of the walls is apparently 
favorable for a large amplitude, just as in the case of striated 
muscles, the addition of a slight weight yields a greater contraction. 

Effect of the Composition of the Perfusion Fluid. — The composition 
of the perfusion fluid has a marked influence on the beat of the heart, 
indeed upon certain of its constituents the beat is absolutely depen- 
dent. In the earliest experiments, defibrinated blood dUuted with 
equal volumes of isotonic saline was used and found to satisfactorily 
maintain the heart beat. When defibrinated blood is replaced 
by serum, the beat is not maintained unless the serum is charged 
with oxygen under pressure, indicating the absolute necessity of 
oxygen for the maintenance of irritability. That oxygen is not 
the only requirement for the heart to continue beating can be 
readily demonstrated by perfusing the heart with an oxygenated 
isotonic sodium chloride solution. The beat promptly ceases. 
(Kronecker and Starling). 

The question then arises: What constituents are essential to the 
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heart beat? Naturally the idea first suggested itself that the 
"nutritive blood-proteins" were necessary, a view which apparently 
received confirmation when it was shown that the addition of 
various proteins (blood-proteins, egg-proteins or milk-proteins) 
to an oxygenated saline solution favored or restored the beat. 
This view became less probable again when it was found that the 
proteins could be replaced entirely by a non-protein substance 
such as gum-arabic. Hence, it was believed that the proteins 
exerted no nutritive function but that they favored the beat 
by virtue of the viscosity which they imparted to the solution 
Albanese). Subsequently, it was also shown that the proteins were 
not utilized by the beating heart (Howell and Cooke). The same 
is true of amino acids. It was found by Miss Wishart and the author 
that instead of being absorbed, the amino acids already present 
in the heart are washed out by and added to the perfusion fluid. 

It has long been known (Ringer) that the frog's heart can beat 
on an inorganic mixture which contains sodium, calcium and potas- 
sium, while the beat is very much improved by the further addition 
of sodium bicarbonate. It was but a step to show that upon 
an oxygenated Ringer's solution^ the mammalian heart executes 
rhythmic beats. The store of energy-yielding material in the 
heart must be restricted, however, for the effect of such a solution 
extends over only a short interval of time. By adding dextrose as 
an available form of energy, Locke found that the heart perfused 
with Ringer's solution improved, and, on subsequent investigation, 
it has been shown to be metabolized and destroyed by the beating 
heart (Locke and Rosenbaum). 

Summing up the evidence, it appears to be demonstrated that 
while oxygen and energy yielding material are essential to supply 
the liberated energy, and a degree of alkalinity is required to wash 
away depressing acids formed during activity, the substances 
essential in eliciting the beat are the salts of sodium, calcium, and 
potassium. The manner in which it is presumed that they act, 
will be discussed later. 

It is now desirable to note the effect of an excess of any one of 
these constituents or the presence of other chemical substances, 
which we can conceive of as existing in the normal circulating 
blood. This at once excludes all reference to drugs. Calcium is 
absolutely necessary to the beat of the heart. In excesss, it causes 

' The formula for Ringer's solution used in the mammalian heart, based upon the 
analysis of blood, is as follows: 

NaCl . .900 per cent. 

CaCl2 . ... .024 

KCL 042 

NaHCOs . .01-.030 

To this is added 0.1 per cent, of dextrose in Locke's formula. 
3 
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an increased tonus which may become so extreme as to entirely 
prevent the fundamental contractions. Similar tonic contractions 
are produced by small quantities of the other alkaline earths 
(barium, strontium, etc.). Potassium ions are apparently not 
absolutely necessary to rhythmicity, hearts having been made to 
beat on perfusion with a mixture of sodium and calcium ions 
alone. When present, however, potassium favors relaxation and 
tends to reduce the irritability to artificial stimuli. In excess, it 
causes the heart to stop in extreme relaxation. 

The importance of CO2 has been variously interpreted. Accord- 
ing to Starling and Henderson, small quantities increase the 
amplitude of contraction; but larger quantities act as a depressant. 
The observation of Ketcham, King and Hooker, on the other hand, 
indicate that CO2 in any concentration depresses both contractility 
and tonus. A similar effect is exerted by lactic acid (Backman, 
Burridge, etc.). 

The activity of the heart is apparently increased by the addition 
of various nitrogenous extractions; for example, urea (Eyster) and 
small doses of indol and skatol (Danilewsky). Alanine seems to 
have no effect on a vigorously beating heart, but when the con- 
tractions become weak, it may cause a revival in strength (Lausana, 
Hasegovna). Witte's peptone, foreign proteins and, especially 
in sensitized rabbits' hearts, horse serum exert a depressant and 
toxic action (Demel, Popielski, Friedberger and Meta). These 
results should be applied cautiously to anaphylactic questions: 
Cushny and Gunn have recently shown that the same reaction 
follows when the serum from the same animal is added to the 
saline perfusion fluid; the preliminary augmented and accelerated 
contractions being followed by a stage of slowing and depression 
during which heart block frequently occurred. The results are 
interpreted to mean that the heart perfused with Ringer's solution 
represents a hypodynamic organ rather than that the sera have a 
toxic action. 

The addition of bile slows the rhythm, augments the tonus and 
diminishes the expansion of the heart (Berti-Malesani), extracts 
of tissue organs (brain, nerves, etc.), depress the rate and ampli- 
tude of cardiac contraction either because of their cholin content 
or because they contain a large amount of potassium (Macleod). 
Of the internal secretions whi(ii are presumably found in the 
normal blood in small quantities, the actions of epinephrin and 
pituitrin are best known. Epinephrin or adrenalin, the active 
principle extracted from the suprarenal glands, causes an increase 
in the rate and amplitude of the perfused heart,, the tonus being 
reduced. Pituitary extracts have the reverse effect; they slow the 
heart, decrease the amplitude, and increase the tonus. 
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THEORIES AS TO THE CAUSE OF THE HEART BEAT AND THE 
MECHANISM OF NERVOUS CONTROL. 

It is well known that there are two views held as to the cause 
of the heart beat — the mnscular or myogenic and the nervous or 
neurogenic. Our statements of these views must, in the case of 
mammalian hearts, be more definite than was necessary before the 
details of the structure and functions of the heart tissue became so 
well understood. 

According to the myogenic theory, the impulse is initiated in the 
peculiar muscle cells of the sinus node unless their irritability is 
exceeded by that of some other portion of the His-Tawara system 
(e. g., in the a-^ node), in which case the muscle cells of this region 
become the rhythmic centre or "pacemaker." The impulse is 
conducted by the peculiar muscle fibers of the His-Tawara system 
to the fibers of the auricle and ventricle. The irritability and 
conductivity of these muscle fibers is under the control of vagus 
and sympathetic fibers relayed through ganglion cells and their 
axones. 

According to the neurogenic hypothesis, it is necessary to assume 
that the inner stimulus originates in the ganglion cells in the vicinity 
of the sinus node or in those of the inter-auricular septum. It is 
transmitted by axones to the cells of the sinus node, of the a-» 
node, the His-Tawara system or the auricular and ventricular 
muscles themselves. Moreover, it is not impossible to conceive 
that one system generates the impulses and the other conducts 
them, or again that both the nerve and muscle fibers of the His- 
Tawara system share the property of conduction. 

It may be recorded at once, that, without question, the majority 
of physiologists favor the myogenic view of impulse initiation and 
conduction. We may, therefore, briefly examine the validity of 
this belief. 

When the existence of a muscular connection between the auricle 
and ventricle was revealed (Kent, His, Jr.) and it was subsequently 
shown that this represented but a portion of an extensive conducting 
system of peculiar muscle fibers; when, moreover, a structure in the 
form of a sinus node was demonstrated which was apparently the 
homologue of the sinus venosus, and when this was finally shown 
to be the seat of initial negativity in the heart, it seemed to many 
conclusive of the muscular origin of the heart beat. With the 
subsequent discovery that the sinus node and the a-^j node contain 
or are related to ganglion cells in their immediate proximity, and 
that the entire His-Tawara system contains many bundles of nerve 
fibers as well as ganglion cells, the absolute guarantee that nerves 
are not concerned is not afforded by morphological studies alone. 
It is pecessary, therefore, to seek other evidence. 
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Greatly in favor of the myogenic hypothesis is the fact that 
the embryonic heart beats before the nervous elem^ents have wan- 
dered in from their extra-cardial position (Pfliiger, His, Jr.). The 
fact that individual cells grown in artificial media (Burrows) pulsate 
is corroborative. Important as this fact is, it cannot be regarded 
as conclusive. Its value depends, of course, on the probability that 
a tissue that once assumes a function in early life retains this func- 
tion to the end. That this is not necessarily the case has been shown 
by the fact that in the limulus heart the beat is originally muscular 
in character although later the function is undoubtedly transferred 
to nerve cells (Carlson). 

The demonstration that the sinus node shows the first evidence 
of activity combined with the fact that very few ganglion cells are 
situated here speaks in favor of a muscular origin of the beat. 
The only question that can possibly arise is whether with the most 
careful technic it is possible to so apply the electrodes that they 
may not be placed on ganglion cells in the vicinity, or provided 
such placement is possible, whether the initial current does not 
reach the surface more readily at the more exposed sinus tissue. 
The careful experiments of Eyster and Meek with very sensitive 
galvanometers and the application of difl'erential electrodes by 
Garten and his pupils apparently negative such an objection. 

Experimental evidence does not favor the view that the nerve 
fibers in the His-Tawara system transmit impulses to the ventricle 
for (1) histological examination has shown that many fibers termi- 
nate in the muscle cells of this tissue directly; (2) conductivity fails 
to. occur after recovery from crushing, when muscle tissue does not 
regenerate but nerve fibers do so (Erlanger) ; and (3) application of 
cocaine which paralyzes nerve fibers does not produce a-v block 
(Cullus and Dixon). 

While the evidence seems clearly to favor the muscular origin 
of the heart beat, the cause and nature of the "inner stimulus" 
is less clearly established. It may be logically assumed that some 
stabile chemical compound is dissociated or rendered unstable and 
that the energy liberated acts as the "inner stimulus." What is 
this chemical substance and what the reaction concerned in its 
transformation ? Why does it occur in specific regions of extremely 
limited areas and what form of energy is liberated? To these 
questions no final answer can be given. It seems that the inorganic 
salts, Na, Ca, K, in proper proportions cause spontaneous beats 
of muscle cells. As to their action, several views are held. Lingle 
and Loeb believe that sodium ions act as an excitant while calcium 
antagonizes the poisonous effects of sodium. Howell believes that 
calcium converts the stable material into an unstable compound 
in which process potassium is liberated. According to this view, 
the salts are not direct excitants but liberate energy of some form 
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which acts in this role. Martin has elaborated the idea further. 
He thinks that while calcium converts the stable substance into an 
unstable one, sodium or some other agent is necessary to force 
this substance to liberate its energy. 

Closely related to the question of the source of the "inner stimu- 
lus" is that relating to the mechanism by which vagus and acceler- 
ator nerves modify the heart. For the maintenance of nerve 
action calcium is also essential (Howell and Duke, Busquet and 
Pachon, Hagan and Ormond). The function of calcium in pro- 
ducing inhibition apparently consists in aiding the transmission 
of vagus impulses rather than in producing an inhibitory effect 
on the heart muscle. The latter function is attributed to potassium 
by Howell and Duke, who regard vagus and potassium inhibitions 
as similar conditions. 

The most commonly accepted version of nerve action is that 
advanced by Gaskell, who regards the vagus nerve as anabolic 
or trophic and the accelerator nerve as catabolic or motor in char- 
acter. It may be pointed out that recent work has adduced 
evidence in favor of his views. In the first place, it has been possible 
after many failures to corroborate by the delicate string galvan- 
ometer the observations of Gaskell that the auricle in the terrapin 
becomes increasingly positive with respect to an injured part when 
the vagus is stimulated (Meek and Eyster). The failure to obtain 
this response in mammal,s is probably accounted for by the fact 
that it is impossible to use sufficiently sensitive strings in their 
investigation. In the second place, it has been shown that the beat 
of a stopped heart may be revived by stimulating the accelerator 
nerves (Bering), while premature systoles have been produced in 
the beating heart in the same manner. 

Still other theories as to vagus action evolved as a result of the 
investigation of different phases of cardiac activity have been 
suggested by Carlson, Erlanger and Schmiedeberg for which the 
original articles may be consulted (see literature) . 
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CHAPTER II. 

THE SEQUENCE OF CARDIAC CONTRACTION AND THE 
MOVEMENTS OF THE HEART. 

THE CARDIAC CYCLE. 

Although the term systole has been defined in various ways, it 
seems preferable to apply it to that portion of the auricular or 
ventricular cycle extending from the beginning to the end of mechan- 
ical contraction. Similarly, diastole covers the period of mechanical 
relaxation. In this application we may pass the biological question 
as to whether all fibers of a chamber simultaneously cease contract- 
ing or whether the mechanical shortening stops because a balance 
has been struck between relaxing and contracting fibers.. 

It has long been recognized that the contraction of the auricle 
precedes that of the ventricle and it is therefore often designated 
as the presystole of .the heart. In spite of the fact that no definite 
expression concerning it is found in any current text-book of physi- 
ology, the opinion seems to be widespread that in the mammalian 
heart the systole of the auricle terminates before that of the ventricle 
begins, i. e., that a short inter-systolic period exists. There is no 
conclusive evidence of this fact, however. Although many thou- 
sands of simultaneous records of auricular and ventricular beats 
have been recorded, the question is still an open one. The writer 
has carefully compared a large number of published tracings of 
various investigators and has also made accurate measurements 
of his own records. This survey has shown that in the majority 
of cases examined, auricular systole terminated before ventricular 
contraction began; in other cases it continued somewhat into this 
period. The differences are probably to be accounted for by the 
variable efficiency of the recording levers used. It is frequently 
supposed that the existence of a complete a wave in the venous pulse 
before the occurrence of other waves evidently associated with 
ventricular systole indicates that auricular contraction and relaxa- 
tion have taken place. If, however, the recent work of Ewing 
is accepted the entire rise and fall of the a wave may take place 
during auricular contraction. Similarly, it is uncertain whether the 
P wave of the electrocardiogram and the auricular waves present 
in the esophagram, the central arterial pulse and the intraventricu- 
lar pressure curves coincide in time with the duration of auricular 



THE CARDIAC CYCLE 



41 



systole, or whether they are the effect of systole succeeded by 
diastole. This makes it difficult to determine accurately either the 
relation between auricular diastole and ventricular systole or the 
duration of auricular systole alone. The average value of 0.1 
second so commonly given as representing the length of auricular 
systole is apparently a daring guess. Using the upstroke of the 
a wave of the venous pulse as a criterion, the writer found in 58 
records taken with optical capules that the auricular systole varied 
from 0.038 to 1 .04 second hut that in 87 'per cent, of cases the systole 
fell within the range of 0.063-0.075 seconds. 

The duration of auricular and ventricular systoles varies greatly 
in different animals and in the same animal under different con- 
ditions. The chief interest lies in the variations in man. The 
duration of ventricular systole has been determined with approxi- 
mate accuracy in man by several methods: as (1) by establishing 
the interval between the beginnings of the two heart sounds; (2) 
by estimating the interval between the rise of the primary and of 
the dicrotic wave of the arterial pulse; (3) by measuring the interval 
between the rise of the c wave and the fall of the v wave in the 
venous pulse; (4) by estimating the interval from the Q to the 
end of the T variations of the electrocardiogram. None of these 
procedures are absolutely correct. The closest approximation is 
probably afforded by determining the interval in the arterial pulse 
extending from the onset of the preliminary oscillation to the 
beginning of the incisura (Figs. 27 and 34). (For the details see 
subsequent chapters.) The average duration of human systoles 
estimated by various studies are incorporated in the following 
table : 







Auricular 


Ventricular 




Investigator. 


Heart rate. 


systole. 


systole. 


Method. 




Volkmann 


84 




.375 


Heart sounds. 




Donders 
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Landois . 


. . 43-55 
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" " 




Edgen . 
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" " 




Thurston 
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Primary wave 
notch. 


to dicrotic 


Reckzeh 
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.44-. 35 


Primary wave 
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to dicrotic 


Gibson , 
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Venous pulse. 




Eyster . 


67-88 




.322-. 367 


1 to 2 sound (graphic). 


Wiggers' 


68-80 


.063- .075 


.26-. 33 


Upstroke of a wave optically 
recorded — preliminary os- 
cillation to incisura. 


Krauss and 


Nicolai 46-120 




.352-.2ie 


i R-T interval of electrocar- 










diogram. 





The Spread of the Contraction Wave over the Ventricle. — ^It is 

generally regarded as an established fact that the contraction. 
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like the excitation, spreads over the heart as a peristaltic wave. 
According to the generally accepted view the interventricular walls 
contract first and the base contracts before the apex. With the 
demonstration that all points on the outside of the ventricle become 
negative at the same time {Clement, Erfmann, Lewis, etc.), some 
doubt may be felt as to whether the mechanical apparatus by 
which the difference in time has usually been measured was adequate 
to determine such variations and whether, on the other hand, the 
entire ventricular muscle does not contract at once. 

Of special interest has been the relative time of contraction of the 
papillary muscles. The earlier work (Roy and Adami, Fenwick 
and Overand) indicated that the papillary muscles start their 
shortening later and end it earlier than the rest of the ventricular 
muscles. The results of other investigators indicate, however, 
that they precede the contraction of the conus arteriosus by 0.015 
to 0.031 seconds (Hering, Saltzmann). Inasmuch as such studies 
have for technical reasons been restricted to excised and perfused 
hearts, it would be premature to lay undue stress upon the transfer 
of such results to the intact heart (Saltzmann). 

THE MOVEMENTS OF THE HEART. 

During ventricular systole, as the period of mechanical contrac- 
tion of the heart is called, all its diameters decrease and the posi- 
tion of the entire organ changes. These changes are due in part 
to the spiral arrangement of muscle bands in the heart, in part, 
also, to its fixation and support. The anatomical researches of 
MacCallum and their subsequent extension by Mall have shown 
that the two ventricles are made up of a series of muscular bands 
passing from the base to the apex in the form of a scroll. Mall 
divides these fibers into four groups, viz. : (1) the superficial bulbo- 
spiral fibers, (2) the superficial sino-spiral fibers, (3) the deep bulbo- 
spiral fibers and (4) the deep sino-spiral fibers. 

The superficial bulbo-spiral fibers arise from the conus arteriosus 
and left side of the aorta and auriculo-ventricular ring, and pass 
down obliquely to the apex where they form a spiral and thus reach 
the interior of the ventricle to terminate in the interventricular 
septum and posterior papillary muscle. The superficial sino- 
spiral fibers arise from the posterior portion of the a-« ring, run 
obliquely to and over the anterior surface of the right ventricle, 
and, after reaching the apex, pass by a spiral turn inward to end in 
the anterior papillary muscles of the left heart. The deep bulbo- 
spiral fibers are attached to the dorsal side of the aorta and encircle 
the left ventricle. The deep sino-spiral fibers encircle the right 
ventricle in similar fashion. 

When the heart is exposed in the open chest and the pericardium 
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is removed, or, when it is suspended from the large vessels in per- 
fusion experiments, the effect of these muscular bands is brought 
into play. The base remains practically stationary but the apex 
moves upward. The entire heart is caused by the oblique fibers to 
rotate from left to right and the apex is lifted forward. 

If, however, the movements of the heart are studied when only 
the upper three-fourths of the sternum is resected so that pericardial 
attachments remain intact, and if, in addition, the severed sterno- 
cardial bands are fastened to a wire substituted for the sternum, 
the base descends, the apex rotates anteriorly and in so doing 
moves downward slightly. If the animal is placed on the left 
side so that the heart is definitely in contact with the thoracic 
wall, it is evident that the slight downward movement of the apex 
is largely responsible for the impact felt externally as the apex 
beat. (Personal observations.) These differences between the 
movements of the free and the intact heart are due to the restraining 
influence which the pericardium exerts. This covering is attached 
to the large vessels at the base of the heart, stretches upward into 
the cervical fascia and joins the central tendon of the diaphragm 
below. 

It appears from a;-ray studies that the movements in man are 
similar to those directly observed in the dog's chest by special 
technic. These observations favor the view that the slight down- 
ward movement of the apex, its slight rotation and consequently 
its closer apposition to the chest wall account for the major part of 
the shock felt in the fifth intercostal space. It seems very ques- 
tionable, indeed, whether changes in the volume of the heart or 
variations of intraventricular pressure are in the least concerned 
in the production of the cardiogram obtained by graphically record- 
ing the variations at the apex. 

The heart shifts its position, not only in systole and diastole, 
but also during phases of respiration, a change accounted for by 
the intimate relation of the heart and diaphragm. 

Fluoroscopic examination, instantaneous x-ray plates, ortho- 
diagrams, as well as the Rontgen kinematograph, have combined 
to show that the entire heart moves downward and that the apex 
is rotated clockwise during inspiration. The shadow of the entire 
heart lengthens and becomes narrower (Fig. 4). Corroborative 
evidence that the cardiac axis changes has also been given by the 
electrocardiograph (Waller, Einthoven), it having been shown by 
computation of the electrocardiac angle from the height of ventric- 
ular waves, that expiration causes the heart to become more 
horizontal. 

There is further evidence in dogs that the apex descends in 
inspiration. The writer has frequently found that when a sound 
is accidentally placed deep in the ventricular chamber, the end is 
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open throughout systole only during those beats occurring in inspira- 
tion, while, during expiration, either no pressure changes are 
recorded, or a flat-top type of curve is obtained which is well 
known to be due to blocking of a sound by ventricular contraction. 

The exact mechanism by which the position of the heart is 
changed in inspiration has been studied by attaching strings to 
five or six different points of the heart intact within the pericardium 
and connecting these simultaneously to recording levers (Wiggers). 
The following observations were made: 

1. During the descent of the diaphragm, the posterior portions 
of the heart and the venae cavse descend more than the anterior 
portion of the base while the anterior aspects of the apex move 
forward and as a result often slightly upward. The right and left 
borders of the ventricle move toward the right. 




Fig. 4. — Orthodiagram showing the effect of deep inspiration and expiration on the 
positions of the heart and diaphragm. Broken hnes, expiration; dots and dashes, 
deep inspiration; continuous line, shallow respiration. (After Claytor and Merrill.) 

2. The movement of the heart to the right does not occur after 
severing the left phrenic nerves nor upon stimulating the right 
phrenic nerve. It is, therefore, due to a traction of the left sheath 
of the pericardium. 

3. A descent of the base of the ventricles, the auricles and the 
venae cavae occurs after the entire pericardium is severed from the 
diaphragm. Direct experiments show that this is due in part to a 
traction upon the inferior vena cava making it longer and narrower. 

4. In the dog the descent of the base of the heart persists after 
the vena cava is clamped and divided. This results from a trac- 
tion upon the ligamentum pulmonale (a double fold continuous 
with the pleura pulmonalis, and passing downward from the root 
of the lung to its vertebral and diaphragmatic attachments) which 
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causes the roots of the lungs, the pulmonary vessels and through 
these, the base of the heart to move downward. 

Studies with the cc-rays and electrocardiograph indicate that 
the position of the heart is not as fixed as has often been supposed 
but that, on the contrary, it undergoes considerable shifting with 
the position of the diaphgram and changes in different positions of 
the body. The heart is displaced to the left when the left lateral 
position is assumed and the apex approximates the chest wall more 
firmly, a point of some significance in recording tracings from the 
apex beat. A change from the supine to the prone position causes 
a compression of the abdominal viscera and so pushes the diaphragm 
up, which causes the heart to assume a more horizontal angle. 
Sitting acts in a similar way but to a lesser degree by compressing 
the abdominal contents. 
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CHAPTER III. 

THE DYNAMICS OF THE HEART BEAT. 

The dynamics of the heart beat is concerned with the mechanisms 
by which the heart transfers the blood from the venous to the 
arterial side under sufBcient pressure to insure its circulation around 
the body. It involves a study of (1) the mechanism of the valve 
action, (2) the pressure relations at different times in the different 
chambers, and (3) the passage of blood to and from the ventricles. 

THE MECHANISM OF VALVE ACTION. 

The atrio-ventricular and aortic openings of the two ventricles 
are guarded by exceedingly efficient sets of valves. 

The mitral and tricuspid valves arise from the atrioventricular 
ring. They are divided by deep incisions into two flaps on the left 
side and into three flaps on the right. At their origin the valves 
are fairly thick and contain strands of muscle tissue but toward 
their free edges they become exceedingly thin. In fact such thin 
structures can resist pressure only because they approximate in a 
lateral fashion. Into the free ventricular surfaces of the valves 
are inserted the chordae tendinse arising from the papillary muscles 
which project into the ventricles (Fig. 5, A). Their function is 
apparently to prevent or guard against a possible inversion of the 
valves into the auricles. During diastole these tendinae are some- 
what relaxed, but as the valves close they are rendered taut. This 
is assisted by the contraction and shortening of the papillary 
muscles. 

It is generally regarded as established (Baumgarten) that the 
valves iri diastole do not lie in close proximity to the heart wall 
but float together as blood rushes in. This is, no doubt, partly 
accounted for by their extreme lightness, but is aided also by the 
formation of eddies behind them during the inrush of blood which 
takes place in diastole. 

The semilunar valves guarding the pulmonary artery and aorta 
consist essentially of three small pockets, the free edges of which, 
when the pockets are expanded form a complete closure of the 
aortic opening. Their shape and the support offered by their 
attachment are such that no sustaining chordae are required. 
Exactly at the centre of the rim of each pocket is a tiny nodule, 
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the corpus Arantii. These together fill the small central gap that 
would otherwise be left when the pockets expanded. Like the 
semilunar valves, they are floated away from the wall even during 
systole owing to the fact that some fluid remains within them 
constantly and that eddies are formed behind them. 

The closure of the valves normally takes place without the 
least regurgitation and is instantaneous. Following the conception 
advanced by Krehl, it is generally held that closure is brought 
about by the eddies set up behind the valves when fluid rapidly 
passes through their openings. When the flow ceases the eddy 
circles enlarge, thus pushing the valves together as soon as the 
pressure on the concave side becomes a trifle higher than on the 
other (Fig. b, B). 

As a result of recent studies Henderson and Johnson advance 
another theory. According to these investigators, the sudden 




A B 

Fig. 5. — Three diagrams showing mechanisms concerned in valve closure. A^ 
relations of papillary muscles and chordse tendinoe to valve flaps; B, partial closure 
due to eddy formation; C, closure by hinge movement and breaking of a jet. 

cessation of flow through an opening causes a breaking of the jet 
and leaves a small area of negative pressure " much as in the wake 
of a ship." From each side fluid is drawn in and this movement 
closes the valves (Fig. 5, C). They also believe that a similar 
mechanism is responsible for the closure of the a-j) valves provided 
blood is still rushing in at the beginning of ventricular contraction. 
This occurs when the heart rate is rapid. When the heart rate is 
slow, however, so that the filling has been completed before the 
beginning of systole and the auricles are not beating then the 
valves do not unfurl but swing into place like doors on hinges 
(Fig. 5, C). This mode of closure, which necessarily involves some 
leakage does not occur normally because the contracting auricle 
forces a small quantity of blood into the ventricle and the sudden 
cessation of this current is responsible for the valve closure. It 
may be added parenthetically that if, as most of the evidence 
indicates, auricular systole terminates a short interval before 
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ventricular systole begins, then the Henderson and Johnson view 
necessitates the assumption that the a-v valve closure and the 
first heart sound precede ventricular systole. Of this there is no 
evidence either in the pressure curves taken from the ventricle or 
in the most delicate records of heart sounds (Fahr.) 

THE PRESSURE CHANGES IN THE HEART. 

Apparatus. — The variations of pressure in the chambers of the 
heart and aorta occur so rapidly that, as has long been recognized, 
the mercury manometer is incapable of following the changes 
accurately. This is due to the inertia of the mercury, i. e., the 
physical property by virtue of which it resists being set in motion 
when at rest, and strives to remain in motion after the acting 
force has ceased. This causes the apparatus to record an amplitude 
which does not correspond to the pressure changes actually involved. 
If a high pressure is suddenly communicated to a manometer and 
then released the mercury rises above and falls below the true level. 
The amplitude of the curves is larger than the true variation. 
If the variations recur rapidly neither the highest nor the lowest 
pressures are approached and the recorded amplitude is less than 
the change which actually occurs. This is the case when the 
mercury manometer registers pressures within the heart and large 
vessels. Not only are the extremes of pressure incorrectly recorded, 
but the rise starts later and lags behind the pressure change. In other 
words the inertia is determined by the low vibration frequency 
inherent in the instrument. We return, therefore, to the physical 
fact that an apparatus, in order to record the oscillations correctly 
must have an inherent frequency that is more rapid than that of 
the swiftest oscillations to be recorded. 

Recognizing the limitations of the mercury manometer, attempts 
have been made by physiologists to devise membrane or spring 
manometers capable of correctly following the details and height of 
the pressure curves. In this they have been relatively unsuccessful, 
however, until Frank worked out the mathematical and theoretical 
basis for the construction of adequate types. Frank's critique 
constitutes, therefore, the most important contribution yet made 
to the study of the dynamics of the circulation. 

Theory of Manometers. — ^According to Frank the "manometer" 

constitutes the entire pressure recording system extending from the 

rubber capsule and recording point to the mouth of the cannula in the 

artery. The efficiency of any instrument (Giite) is expressed 

V ye E' 
by the formula G= — ^ryj— where v is the magnification of the 

lever, ye the sensitiveness of the membrane, E' is the volume elas- 
ticity coefficient and M' is the effective mass. By increasing the 
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first three and decreasing the last factor, the efficiency of an instrument 
may be improved. The effective mass M' is dependent directly 
on the length and the specific gravity of the fluid column and is 

inversely related to the cross section, i. e., M' = z=. s in which I 

equals the length; Q, the cross-section, and s, the specific gravity. 
It is apparent that the efficiency of the apparatus is augmented 
whenever the length of the manometer decreases and the width of the 
tube increases. The sensitiveness, is the ratio of membrane excur- 

/ . 

sion to pressure change, i. e., ye = — . The excursion f for a definite 

pressure change and hence the sensitiveness of the instrument may 
be increased either by decreasing the tension of the membrane, increas- 
ing its diameter or by decreasing the diameter of the supported plate. 

p r^ — 0^ 
This is indicated in the formula f=~ ■ — -. — in which v is the 

pressure; s, the tension of the rubber; r, the radius of the rubber 

and q, the radius of the plate. The volume elasticity coefficient 

E' represented by the ratio of the pressure change to the volume 

change, on the other hand, may be increased by increasing the 

tension or by decreasing the size. This is shown in the formula 

_, Ap 8s _ , . „ , 

hj= - — = -rr-, t:z~- in tms formula Ap = pressure mcrease, A» = 

A'!) r'^{l — d'^)'K '■ ^ 

volume increase, 5= the tension and r, the radius of the membrane. 
It is apparent that the increase in efficiency which can be gained by 
increasing the sensitiveness of the membrane is limited for in so doing 
the volume-elasticity coefficient is simultaneously reduced. Further- 
more, the sensitiveness of the membrane must remain small in 
order that an adequate vibration period may be retained, for upon 
this depends the ability to record pressure changes accurately. 
The inherent vibration frequency, N, is the reciprocal of the, 
period of single vibration, or, N=\jT. In a simple manometer 

system f = 27r^/-p7. From this it is apparent that the quality is 

increased, not only by reducing the effective mass, but also by increas-' 
ing the volume-elasticity coefficient. Both are usually necessary to 
obtain an instrument capable of recording pressure variations. 

It is apparent that every increase in quality resulting from a 
higher volume-elasticity coefficient occurs at the expense of its 
sensitiveness, hence it becomes necessary to magnify these move- 
ments. When this can be brought about by a beam of light the 
efficiency of the apparatus is iihproved, for in this way v is increased 
without reducing the quality. When, however, the movements 
of the membrane are magnified by ponderable levers there must be 
taken into consideration, (1) the reduced mass of the lever (m) 
4 
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{i. e., the mass which appHed at the spot where the force is exerted, 
would have the same effect on the system as the lever) and (2), 
the linear elasticity coefficient v {i. e., the distorting effect of pressure 

\M' m 
on the membrane). In other words, T becomes 27r^/--H — . The 

reduced mass of the lever may be calculated by the formula, 



m = 



■// 1 1, 



Here fj is the magnification, I is the length and n, the 



specific mass. It follows that the vibration period becomes longer, 
and the frequency per second, less when the length or the specific 
mass of the lever increases with the magnification. 

The application of Frank's guiding principles has enabled several 
investigators to construct manometers of high vibration frequency 
to meet the demands of special problems. Frank, himself, con- 




FiG. 6. — Diagram of Frank's manometer. 

structed the first apparatus for estimating arterial pressure, and 
other forms for studying pressures in the heart have been added by 
Straub, Piper and Wiggers. 

Frank's Arterial Manometer (Fig. 6). — ^The body of the instrument 
consists of two vertical glass tubes, h and e, communicating by a 
^bent horizontal tube, d. The vertical tube, h, is prolonged down- 
ward into a metal cone, K, over which the cone of the arterial cannula, 
c, is rigidly attached by the screws, S. The vertical projection, 
E, terminates in a small end with a manometer capsule three milli- 
meters in diameter. The apparatus is filled to the exclusioii of the 
smallest air bubble by allowing fluid to enter slowly by stop-cock, 
/, the air being allowed to escape at c. When completely filled, a 
rubber dam is tensely stretched and tied over the opening at g, 
and a tiny glass circlet cemented to it. The very slight excursions 
of this tense and small membrane are communicated to a tiny 
mirror (M) by a small well-balanced lever, h, pivoting on free 
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axes. As the membrane rises the mirror tilts and causes the slight 
movement to be magnified by reflecting a band of light from an 
optical lamp."^ 

Manometers for Recording Pressures in the Heart. — Several forms 
of intraventricular pressure manometers have been devised. The 
trocar-manometers devised by Straub and 
Piper have the disadvantage that, as the 
plunger is withdrawn, the apparatus fills 
with blood which is liable to coagulate and 
change the damping. The manometer de- 
vised by the author consists (Fig. 7) of a 
vertical glass tube, d, surmounted by a brass 
cylinder, e. This contains a stop-cock, g, 
with a conical lumen, the truncated cone 
of which comes into apposition with a 
damping plate, a, having a lumen 2 mm. in 
diameter. Above the damping plate the 
cylinder ends in a segment capsule, b, 3 mm. 
in diameter and covered with rubber dam. 
Upon this a small piece of celluloid carry- 
ing a little Zeiss mirror, c, is fastened so 
that it pivots on the chord side of the seg- 
ment capsule. Above the recording mirror 
is mounted a reflecting mirror, /, adjustible 
about a horizontal axis by a screw. The 
reflection of the light band to a horizontal 
plane occurs as shown in Fig. 7. The lower 
end is fitted by a conical joint with several 
styles of cannulse adapted for recording auri- 
cular and ventricular pressures respectively. 

To record ventricular pressures the short, 
straight cannula with a slightly conical shape, 
as shown in the diagram, is inserted directly 
through the heart walls in a place where 
the movement is slight. The entire man- 
ometer is then rigidly clamped. To record 
auricular pressure, a short curved cannula is 
slipped through the ear of the auricle and tied. 

Contour of Pressure Curves. — The normal 
pressure curves in the auricles, ventricles and 
carotid have been studied by Frank, Straub, 
Piper, C. Tigerstedt, and the author. Although minor differences 
capable of explanation occur, it is desirable to limit the description 
to the records that rhay be regarded as typical. 

'■ For a description of a Nernst light arrangement, see page 102. For an arrange- 
ment utilizing a small automatic arc light, see Wiggers, Arch. Int. Med, 1915, xv, 79. 




Fig. 7. — Optical man- 
ometer for recording 
intracardiac pressures. 
(Author's model.) 
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The Intraventricular Pressure Curves on tlie two ^idrs ilo not 
(litter in tlieir essential features. The top of the left cur\'e is Ijroader, 
that of the rii!;ht more rounded or often peaked (eompare curves 
of Figs. S and 10). -The curves of different in\'estigators at the 
first glance seem very dissimilar but closer study shows that the 
differences are unessential and largely to be attributed to the use 
of instruments, diifering in their sensiti\'eness and damping. The 
cur\'e (Fig. 8) is inaugurated by a small elevation (1 to 2) due to 
auricular contraction. This is followed by the large ventricular 
wave divided into three periods: {a) the isoinefrie period, (b) the 




Fig. -S. — yiiuultuin'ous intraA'cntiicuUir and sulu;ULvi;ui pro^yuru curvcti. x-.f', 
relative iDositions; T, time in 3 second; 1-2, auricular rise; 2-3, isometric period; 
3, opening of semilunar valves; 3-4, ascending limb of ejection period; 4-5, relaxa- 
tion; h-c, priniarj' osfillation; d, s^'stolic summit; c, incisura; /, \'alvulur oscillation. 



ejection period and (c) the relaxation period. At the onset of the 
ventricular wave the pressure rises sharply (2 to o). Since the 
semilunar as well as the auriculo-ventricular valves are closed 
during this rise, the heart does not alter its diameters but its fibers 
develop tensit)n. This period is called isometric, since the condition 
of contraction resembles the contraction of a muscle against a 
stiff spring. As soon as the pressure within the ventricle has 
overpowered that in tlie aorta, and the semilunar valves open 
(3), blood is ejected into the aorta and the ejection period begins 
(3 to 5). After several confused and usually merged vibrations 
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(3), the pressure first rises (3 to 4) but less steeply than during 
the isometric period. Having attained its maximum height (4), 
it gradually decreases (4 to 5). At the beginning of ventricular 
diastole (5) the pressure falls rapidly but the gradient is less steep 
than during the isometric rise. During the remainder of diastole, 
the pressure remains unaltered until the next auricular systole 
causes another wave. 

The Aortic Pressure Curve shows its chief changes during the 
ejection period of the ventricle. Synchronous with the change 
in contour of the intraventricular curve (Fig. 8, x-x') the arterial 
pressure rises sharply (b-c) and falls again c-c'). This primary 
wave is due to the sudden ejection which throws the aortic column 
of blood into vibration. It is more pronounced in the pulmonary 
artery where there may be two primary oscillations (Fig. 9, ^-l). 
During the rest of the ejection period (d-e) the curve follows that 
of the ventricle, since the two chambers now constitute a common 
cavity. With the onset of diastole the pressure falls rapidly (e) 
with that of the ventricle, a fall that is accompanied by a backward 
movement of the column of blood. It has been called 'the incisura 
(Frank). The fall is suddenly checked by the closure of the semi- 
lunar valves and is followed by one or several oscillations due to 
their after vibration (/). During diastole, the pressure falls grad- 
ually in the systemic aorta but more rapidly in the pulmonary 
circuit (Fig. 9, A). 

In addition to these grosser features, several smaller preliminary 
waves can be made out in perfect curves. They are well shown 
in Fig. 9, A. The auricular rise of intraventricular tension by 
causing a bulging of the semilunar valves causes the first of these 
waves (a). The second wave (b) occurs during the isometric rise 
of intraventricular tension and is also due to a bulging of the semi- 
lunar valves. It varies from 0.0166 to 0.03 second in duration. 

The Intra-auricular Curve (Fig. 9, B) shows no essential variation 
on the two sides of the heart. The first and chief rise (a-b) is 
caused by auricular systole and its chief fall (b-c) by diastole. The 
author believes this interpretation warranted from the fact that 
when, on stimulating the left vagus, the ventricle is inhibited 
without the auricle, such waves are the sole variation occurring 
within the auricle. 

At the beginning of ventricular systole, another short, positive 
rise (c-d) followed by a rapid negative drop (d-e), occurs. It still 
remains debatable whether this corresponds to a preliminary 
upward, and later a downward movement of the a— a valves and the 
a-v floor. Sometimes a positive wave only occurs and, at other 
times, the negative wave only is present. 

During ventricular systole, the auricular pressure rises (/) slowly 
due to stasis. The rise continues into the early part of diastole. 
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that is, until tlie a-c valves open. At this point the venous 
pressure falls more or less. Sometimes it is a very distinct drop, as 
shown in Fit;'. 0; in many records, liowe\'cr, no exidcnce of a droji 




Fig. 9. — Pressure ebariges in pulmonary artery (upper) and ri<rht auricle (lower). 
Upper record: a, auricular wave; 6, preliminary vibrations; other letters as in Fiy;. 8. 
Lower record: a-b, auricular systole; h-c, early part of auricular diastole; c-d-c, 
early systolic vibration; /, small notch at end of systole; ry, early diastolic fall, 
opening of tricuspids; h, nrid-diastolic wave, occasionally present. 



is obtained. The time relations of these curves are plotted in detail 
in the chart of Fip;. 2.5. 

Atypical Curves. — Two inliueiices, variations in arterial ])ressure 
and ill \-eni)Us pressure, are ca])al)le of chaiiiiint;' the c(int(.iur of the 
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curves. The aortic curve is frequently abnormal because the 
diastolic pressure is low, either because the peripheral vessels are 
relaxed or the tonus of the larger vessels is abolished. The primary 
oscillation is then extremely large but the real systolic summit is 
much lower and slopes rapidly downward instead of rising. The 
bottom of the incisura occurs nearer to the diastolic pressure level. 
The intraventricular pressure curve possesses the contour 
described as characteristic only when the effective auricular pressure 
is normal. When venous pressure, for any reason, falls, the dis- 
tending pressure of the ventricle or the initial tension, as it has been 
tersely called, also decreases. The intraventricular curves then 
change their contour. This is shown by the series of curves in 




Fig. 10. — Effect of auricular pressure on the initial tension and contour' of the 
pressure curve of the right ventricle. Numbers refer to auricular pressure, in mm. 
of water. 



Fig. 10. As the auricular pressure decreases, the curve gets lower. 
The steepness of the isometric limb becomes less. The contour of 
the ejection period changes; the onset is indistinguishable from the 
isometric rise and the top is quickly reached. The descending 
limb of the ejection period merges imperceptibly with the diastolic 
fall, giving the curve a very simple and rounded contour. Many 
curves published in the past to show the simple contour of the 
intraventricular pressure change, clearly owe their existence to the 
fact that a normal pressure was not maintained in the auricle during 
the experiment. 

It is possible that the height of the pressure curve and the steep- 
ness of its rise are not entirely governed, as such results indicate, 
by the initial tension exerted upon the muscle fibers. This applies 
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particularly during the range of low initial pressures. Thus, it 
has been found (Patterson, Piper, and Starling) that if the arterial 
pressure against which the discharge occurred was maintained high, 
the intraventricular pressure might rise higher and more steeply 
without any alteration of initial pressure. In such events, the 
relaxation curves were always more rapid, however, indicating a 
greater diastolic inflow without an increase of initial pressure. 
These observations indicate that as long as the venous pressure is 
low, the initial pressure in the ventricle depends more on the rate 
of relaxation of the ventricle than on variations of pressure in the 
inferior vena cava. It seems questionable, however, whether these 
results are sufiicient to warrant the further conclusion which has 
sometimes been made, namely, that the efficiency of the beat 
depends, not on the tension exerted on the individual muscle fibers, 
but rather upon the extent to which they are elongated by active 
or passive pressures (Patterson, Piper, and Starling). 

THE VOLUME CURVES OF THE VENTRICLES. 

We have seen that after the opening of the semilunar valves, 
the isometric period terminates and the ejection of blood into the 
aorta takes place. This ejection is naturally accompanied by a 
reduction in the volume of the ventricles. When the ventricles 
subsequently relax and the auriculo- ventricular valves open, blood 
flows into the ventricles and their volume again increases. A 
record of these volume changes may be obtained by enclosing the 
heart in a glass plethysmograph, snug closure being made around 
the auriculo-ventricular groove by a rubber diaphragm. This 
cardiometer, as the plethysmograph is specifically called, communi- 
cates by a projecting tube with a recorder (Fig. 11). As the volume 
of the ventricles decreases during systole, the slight diminution 
of pressure within the system is transmitted to a tambour or 
volume recorder. The method has been used by Fran9ois, Frank, 
and Tigerstedt, but we owe its development to Henderson. 

If the resistance to the ejection of blood were constant, the 
volume curve so obtained would represent an isotonic contraction 
of the heart, that is, a contraction in which the lengths of the 
individual fibers change but the tension remains the same. The 
arterial pressure during ejection is not constant, however, and the 
volume curve, therefore, only approximately isotonic. Its careful 
study is of importance, nevertheless, for it permits a consideration 
of the ejection period by itself, gives a quantitative estimate of the 
systolic volume discharged and offers a means of directly studying 
the diastolic filling of the ventricles. 

Critique of Apparatus. — ^To accomplish these results, it is of 
course necessary that the apparatus employed should be adequate 



THE VOLUME CURVES UF THE VENTRICLES 



57 



to record the variations in volume accurately and at the same time 
not interfere with the natural beat of the heart. The most satis- 
factory cardiometer consists of a glass sphere containin"; an opening 
with a small flange ()\-er which a rnhher diaphragm is tied (Fig. 
11). In this is cut a roinid opening slightly smaller tlian the cir- 
cumference of the cardiac base. After it is applied to the heart, 
the cardiometer must he so supported that the heart itself does 
not move in and out of the rul)I)er and that no impact from the 
auricle is imparted to it. 




I'^ii;. 11. — C'ariliniiictci- .1 ami taitiboi.ir C u.scd li\ writer for recording ventricular 
\'olunie cur\-es. To take an oijlical record the slif^lit pressure changes within the 
large tambour arc coniininiieated to a Frank's segment capsule (E). 



To record ^-(>]unle \'ariations with a minimum pressure change 
in tlie system, Henderson used a large Marey tambf)ur, twelve cen- 
timeters in (hanieter, which was covered by unstretched rublier. 
This instrument was connected by large tubing to the cardiometer 
to reduce the damping. Straub has maintained that such recording 
de\'iecs are not capable of accuratel\' following the volume changes, 
because the curves are necessarily distorted, either by the inertia of 
tlic writing system, or by the damping necessary to overcome it. 

Helevant to this discussion, the following remarks may be made; 
iSo one who is familiar with the critical analysis of apparatus and 
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the principles laid down by Frank for the construction of efficient 
instruments, will feel conx'inced by the dynamic tests C'arried out 
by Henderson that it is possible to construct an instrument with as 
great masses as are used in his own and retain a degree of efficiency 
sufficient for quantitative work. Fortunately, however, the 
requirements for qualitative records are not as great as the discussion 
of Straub would lead us to suppose. 

In the dog, at least, the filling and ejection occur in a relati\el>- 
slow and smooth fashion which an instrument with fjuitc a lo«' period 
can follow with a fair degree of accuracy. 

The objection that an ordinary tambour cannot be used because 
too great a tension develojis within the system and so ])re\'ents 
a normal contraction is ])y no means established. In the first 
l)lace, as shown in Fig. 12, the heart within the tliorax is subjected, 




Fig. 12. — Cardiac and respiratory variations of intratlioracic pressure. Cardiac 
contractions caused a total decrease in pressure (x-y) equal to 16 mm. of water, when 
tlie total respiratory variation eciiialled ()3 mm. a- c, veiitrirular ss'stnle; c-d, elastic 
diastole; d-e, diastasis. 



not only to varying negative pressures during inspiration and 
expiration, but also to the cardiac variations of intrathoraetic 
pressure, equal, in the dog, to from 9-15 mm. of water. In other 
words, the heart is normally enclosed within a plethysmograj^hic 
cavity (the chest) within which greater variations of pressure occur 
than in any instrument. If this factor were of any importance, 
it would be desirable to allow the ventricle to contract against a 
slight negative pressure, rather than to make s])ecia,l attempts to 
avoid any change. As a matter of fact, it still remains to be 
demonstrated that such variations exert any effect. 

The discussion of accurate registration being put aside, the 
question remains whether the volume curves give any accurate 
indication of the systolic output of the heart. Hendersf)n recognized 
that the decrease in volume during systole was the combined effect 
of ventricular discharge and How tlirough the coronarA' vessels l)ut 
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he believed that the latter factor was small and fairly constant. 
Patterson, Piper, and Starling have recently presented experiments, 
however, indicating that the coronary flow may be decidedly 
variable and the volume curve a very inaccurate measurement 
of systolic flow. Their results can hardly be regarded as conclusive, 
however, when critically considered. Their method of determining 
the output of the heart by the flow from the vessels peripheral 
to an artificial constriction is accurate only as long as arterial 
pressure does not alter. The faultiness of their method is shown 
by the fact that there was no outflow in certain cases while the 
heart volume was decreasing perceptibly. Could their explanation 
of this observation be accepted, viz., that the entire flow in such 
cases passes through the coronary vessels, it would in itself be an 
admission of the inadequacy of their method. Using their own 
figures one must conclude that normally from 25 to 30 per cent, 
of the blood volume ejected by each systole passes through the 
coronary vessels. Such conclusions can scarcely be accepted and 
the results must be attributed to experimental error. 

It has also been suggested that during systole the auriculo- 
ventricular floor moves toward the auricle, and that consequently 
the volume changes between the inner and outer walls do not 
accurately represent the entire volume change of the ventricles. 
From optical records of right auricular pressure, the writer has not 
been convinced that this occurs to any appreciable extent. The 
objection is theoretical or based on experiments with inadequate 
apparatus. There is, however, a more serious difficulty in prevent- 
ing a certain amount of slipping of the ventricle into and out of the 
cardiometer membrane, a difficulty one cannot feel sure is obviated 
by the best technic. On the whole it seems probable that the 
volume curve, when recorded by efficient apparatus, can give 
quantitative evidence of the total output per beat. It is even 
possible that combined strohmuhr experiments and volume curves 
may be utilized, not to check each other, but to estimate the volume 
flow through the intramural vessels of the heart (Rothberger). 

Nature of the Ventricular Volume Curve. — The volume curve 
may be divided into three periods : systolic discharge, early diastolic 
filling (active diastole) and slow, passive filling toward the end of 
diastole. The systolic discharge begins at the opening of the 
semilunar valves. During early systole the rate of discharge is 
constant but toward the end it diminishes so that, for a brief period, 
little or no blood is ejected. This period corresponds to the de- 
scending limb of the pressure curve during the ejection period. 

Filling does not begin immediately in diastole for the a-v valves 
are opened a trifle later than the semilunars close. The increase 
in size occurs at a rapid rate during the first part of diastole. 
Both the rate and duration of filling depend on the height of venous 
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pressure and on the tonus of the heart. When the heart cycle is 
fairly long it ends smoothly or occasionally sharply with a shoulder 
at which the curve becomes more inclined to the horizontal, thus 
initiating the period of diastasis. The duration and even the 
existence of this period depends on the heart rate. As the heart 
cycle becomes shorter, this period is encroached upon and in 
accelerated heart entirely fails to occur. When present, it is 
terminated by auricular systole, which adds a distinct but very 
small increment of blood to the ventricular filling. This is indi- 
cated in the curves recently published by Straub, Patterson, Piper 
and Starling, as well as those of Henderson and his co-workers 
(Figs. 13 and 14). 

Effect of Rate. — The amplitude of the systolic discharge but 
not the contour of the curves is modified by the heart rate (Hender- 
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Fig. 13. — Scheme showing the volume curves at different length of cardiac cycles. 
(After Henderson.) AB represents the maximal output during systole; B D^^ the 
filling in a prolonged diastole. Arcs, A'Bi, .A" 5", etc., show amplitude of systolic 
stroke when systole begins at different periods of active diostole or diastasis. 

son). At different rates the curves are practically superimposable 
(Henderson), i. e., the smaller arcs inscribed at more rapid rates 
may be exactly fitted over similar portions of larger arcs obtained 
at slow rates in the manner that angles are compared in geometry 
(Fig. 13). In stating this law of "uniformity in behavior" (Hender- 
son) of the heart, it should be emphasized that it applies only as 
long as the venous pressure effective in filling the ventricles remains 
constant. When this condition is complied with, it appears that 
the systolic discharge is only very slightly reduced by the increased 
rate as long as the period of active diastole is not encroached upon. 
When the cardiac cycle has a duration of 1 second the amplitude 
of beat is almost maximal. Therefore, at all rates up to 60 per 
minute the volume ejected per minute is proportional to the heart 
rate. It is, in fact, almost proportional to the rate up to 80 per 
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minute. When the cycle shortens to 0.5 second, however, i. c, 
when the heart beats 120 times per minute, the active diastole is 
abbre\'iated and the output per beat reduced in a pronounced 
fashion. Although the output per minute still increases, it is not 
in ])roi)ortion to the increase in heart rate. 

The amplitude as well as the contour of the volume curve is 
affected by the height of \'enovis pressure. At low pressures the 
filling is more gradual early in diastole liut at higher pressures the 
slope of the filling curve is more rapid (Fig. 14). According to 
Henderson and Barringer, this holds good only when lower venous 
pressures prevail. They believe, for example, that any pressure 
above 50 mm. water, which they designate as a "critical pressure" 
will not modify the contour of the volume curve and hence the 
systolic output of the heart. The writer, upon repeating these 




Fig. 14. — Effect of diiniui^hiiiti the ^'enous preswuro on the rate of \-entrieiilar filling. 
.1, normal; B, after moderate liemorrhaiie; C, after severe heniorrhas^e. 



experiments, found, howe\'er, an increasingly rapid filling and output 
up to ])rcssures as high as 130 mm. of water and lielieves that there 
exists a \'enous pressure Icxcl (40 to 70 mm. of water), which may 
be regtLrdcd as rclaliN'hj rriiivul, in the sense that \'enous pressures 
above such a le\-el may still modify to a small extent the output 
per beat, while far above this, an absolufely critical pressure is found 
beyond which the heart no longer increases its discharge but dilates 
and decreases it. The writer places this level at about 150 mm. of 
water. Itecent observations would indicate that a pressure of 200 
to 250 mm. t)f saline may be regarded as absolutely critical in some 
cases (Patterson and Starling). 

The Effective Venous Pressure. — It is of interest to inquire whether 
the beats at different rates in the body are normally influenced bj' 
or independent of variations in \'enous pressures. In discussing 
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this question, it is essential to bear in mind that when the heart is 
surrounded by a pressure less than atmospheric, as is the case in 
the closed chest, the pressure effective in filling the ventricle is not 
the pressure actually measured in the auricle but the algebraic difference 
between intrathoracic and intra-auricular pressures (measured, to be 
exact, at the a-v valves immediately before ventricular diastole). 
This pressure difference has been termed the "effective pressure" 
(Henderson and Barringer). Thus, if a venous pressure of +10 mm. 
of water and an intrathoracic pressure of —40 mm. exist, then the 
effective pressure would be 50 mm. of water. 

How great is the effective pressure in unanesthetized animals 
and man? Henderson and Barringer state that the presence of the 
venous pulse in the neck indicates that the effective pressure must 
be greater than intrathoracic, and, hence, safely but riot far above 
the "critical" level for man. Since the heart rate variations in 
man did not seem to account for the variations of systolic and 
diastolic pressures, the writer preferred to believe that the effective 
venous pressure is not great enough to insure superimposible 
.beats during inspiration and expiration. In locally anesthetized, 
but quietly breathing dogs, the writer found the effective pressure 
in the right auricle to average 63.1 mm. during inspiration and 43.6 
mm. of water during expiration. 

We may conclude from all recent work (Patterson and Starling, 
Wiggers) that the heart within the thorax can respond with a 
variable systolic output, independent of a variation in rate. It is 
difficult, however, for any one who has observed the relative impor- 
tance of these two factors in normal animals to be convinced that it 
is physically possible that the increased venous pressure during 
exercise, for example, could be so effective in increasing the filling 
that it overbalances the tendency of the heart rate and output to 
decrease the systolic discharge. Such an assumption would have 
to be made, however, in order to explain the large volume of blood 
which has been calculated to be used during exercise upon the basis 
of the oxygen capacity of the blood, the total oxygen consumption 
and the pulse rate (Zuntz, Plesch, and Krogh). The recent experi- 
ments of Patterson and Starling are published as proof that this 
is physically possible. They found, for example, that under the 
best conditions of venous pressure and venous inflow, a perfused 
heart weighing 56 grams could throw out 3000 c.c. per minute or 
22.3 c.c. per beat. They calculated that upon this basis a human 
heart might eject 18 liters of blood per minute, a figure approaching 
that estimated in man during exercise by the gasometric method. 
It may be pointed out, however, that no such enormous output per 
minute was obtained in intact hearts by these investigators, and, 
furthermore, that these results were not accompanied by simul- 
taneous acceleration of the heart, as is the case in exercise. It 
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therefore still remains questionable whether their results obtained 
in perfusion experiments and when conditions could be adjusted 
for maximal efficiency, may be applied without reserve to the intact 
circulation. 

Effect of Tonus. — It is apparent that the degree of true tonus, 
i. e., the partial contraction by virtue of which a pressure change is 
resisted, will determine to a considerable extent the filling and output 
apart from changes in venous pressure and heart rate. A heart 
with high tonus may empty itself more effectively during systole 
than it normally does, but during diastole the filling will be prevented 
to such an extent that the output per beat at the slowest rate and 
highest venous pressure may be very small. On the contrary, 
when tonus is low, relaxation will be very rapid and filling very 
susceptible to changes in venous pressure. For a considerable 
range the ventricle in low tone will respond to high venous pressures 
by a greater output before it becomes fatigued and dilated so that 
the fundamental stroke no longer expels all the blood. The degree 
of tonus is very hard to reckon with in cardiometer experiments and 
is still less controlable in perfusion experiments, such as Patterson 
and Starling performed. 

Sequence of Events in the Filling and Emptying of the Ventricles — 
Having determined accurately the pressure changes of the cardiac 
chambers and the aorta, as well as the volume changes of the 
ventricles, it is possible to picture the mechanics of the heart beat 
in detail (cf. Fig. 25). The mechanisms of the two sides are not 
different. The right auricle during its diastole collects the blood 
which is used fpr filling the right ventricle. It should be borne 
in mind that the right auricle is not the only reservoir but is aided 
in the accommodation of blood by the large veins and the A'ascular 
channels of the liver so that a luxus supply of venous blood is normally 
present in the venous reservoirs. With the beginning of ventricular 
diastole the pressure within the ventricles falls rapidly. When it 
has become lower than the auricular pressures, the a-!) valves open 
and blood rushes quickly into the ventricles. In this waj' a con- 
siderable filling occurs with little rise of pressure. What proportion 
of the entire filling is thus completed depends on the height of venous 
pressure as well as the rate of ventricular relaxation or tonus. If the 
venous pressure is high or cardiac tonus low, filling may be almost 
completed with the active relaxation of the ventricle. As soon as 
auricular and ventricular pressures are equalized, filling proceeds 
at a slower rate, being then governed by the passive rise of venous 
pressure resulting from the continued flow of blood into the auricle. 
In short, the filling of the ventricle during any period of diastole 
is determined by the difference in pressure existing in the auricle 
and ventricle. 

At the time that auricular systole occurs, the pressures in the 
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auricles and ventricles are probably about equal, since these cavities 
are still in free communication. The rise of auricular pressure 
during auricular systole is then transmitted to the ventricle with 
very little transfer of blood, its importance for the vigor of the 
succeeding ventricular beat consisting in the fact that it raises 
the initial pressure within the ventricle. The writer explains the 
results of Gesell in this way and does not believe that they demon- 
strate necessarily that auricular systole aids materially in filling 
the ventricle. 

When the ventricle contracts the pressure rises and very quickly 
the a-!) valves close. Since the semilunar valves are also closed, 
the ventricle contracts isometrically. This causes frequently a 
slight bulging of the a-^ valves, followed apparently by a descent 
of the auriculo-ventricular floor. The aortic valves also bulge and 
transmit a preliminary vibration to the aorta. As soon as intra- 
ventricular pressure has overcome the aortic pressure the valves 
open and blood is ejected into the aorta. The sudden entrance of 
a considerable quantity of blood into the aorta causes the blood 
column and the arterial walls to undergo a sudden oscillation which 
is' quickly damped, however. This oscillation may extend into the 
ventricle and cause a slight notch in the curve. The fact that it 
is always small and often absent, being then marked merely by a 
change in slope is probably accounted for by the fact that the 
oscillation is damped at the aortic orifice. 

After the primary vibration, ventricle and aorta are in free 
communication and their curves have the same contour. The 
pressure continues to rise as long as the flow of blood into the aorta 
per unit time exceeds the outflow from the peripheral vessels. As 
soon as the reverse occurs the pressures fall. Apparently the time 
in which the summit is reached is governed by both factors. Thus, 
a sharp and early summit with a rapid decline may be due to a 
small output or a low peripheral resistance. 

At the end of ventricular relaxatim the pressure in the ventricle 
falls sharply and quickly closes the semilunar valves. As they 
close, a negative pressure is created at the mouth of the aorta which 
is responsible for the sharp incisura which is accompanied by an 
actual though slight back movement of the blood column. The 
oscillation of the blood column is, however, quickly damped out. 
After the closure of the semilunar valves, the pressure in the 
arteries falls slowly and in proportion to the flow from the per- 
ipheral arteries. 

Finally, it may be pointed out that the systole of the ventricle 
extends in the central arteries from the beginning of the preliminary 
oscillations to the beginning of the incisura drop and not, as is com- 
monly assumed by studies with less efficient apparatus, from the 
rise of the primary wave to the bottom of the dicrotic notch so 
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recorded. Furthermore, the sudden fall of auricular pressure 
does not precisely mark the end of systole but occurs early in 
diastole. 
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CHAPTER IV. 
THE MECHANICAL ENERGY OF THE HEART BEAT. 

BLOOD-PRESSURE AND BLOOD FLOW. 

As soon as intraventricular exceeds arterial pressure and the 
semilunar valves open, a certain quantity of blood is suddenly 
ejected into the aorta due to the difference of pressure developed in 
the ventricle and that present in the arteries. Since the arteries 
are already distended at the time of this systolic discharge, room 
must be made, either by moving the column of blood onward or by 
increasing the capacity of the arterial system. In the former case, 
the pressure energy generated by the heart is transformed to kinetic 
energy, or energy of flow; in the latter case, it is stored as potential 
energy by further distending the arterial walls. Normally, about 
one per cent, of the total pressure energy is immediately converted 
into flow, but the actual ratio of flow to pressure energy is determined 
by the distensibility of the arterial walls or is inversely proportional 
to the volume elasticity coefficient of the entire arterial system, 
i. e., the ratio of the pressure increase to the volume increase. 
This coefficient varies (1) with the degree of pressure in the artery, 
(2) with the degree of tonus and (3) with the physical characteristics 
of the arterial wall. Thus, an arteriosclerotic artery has a higher 
coefficient of elasticity than a normal artery (cf. Mac Williams). 
The greater the coefficient becomes, the less fluid will be accommo- 
dated and hence a greater conversion of potential energy into 
kinetic energy takes place. 

The potential energy stored by the distended walls during systole 
as pressure is reconverted into kinetic energy during diastole when 
blood ceases to be injected into the aorta, thus insuring practically 
a constant flow through the smaller vessels during diastole as well 
as systole. Hence, the arterial pressure reaches its maximum in 
systole and its minimum during diastole. These pressures have 
been termed systolic and diastolic pressures, respectively. Their 
difference is called the pulse pressure (Figs. 15 and 16). 

The fundamental factors determining the actual and relative 
heights of these pressures under different conditions may be con- 
veniently studied by some form of artificial circulation machine. 
This not only has the advantage that -the factors can be ade- 
quately varied and controlled; but also, that the pressure changes 
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occur slowly enough to enaVjle an ordinary mercury manometer 
to follow them fairly accurately, which it cannot do in animal 
experiments. 

When the pressure variations in the tubes representing the arteries 
are recorded (Fig. 15), the pressure rises during systole and falls 
during diastole. If now the peripheral resistance is increased, l)oth 
systolic and diastolic pressures fand consequently the mean pressure) 
rise. This is brought about by the fact that less blood is able to 
pass from the arterial system during each cardiac c\'cle. Since the 




Fig. 1.5. — .Artfrial pressure variations taken from an artilirial circulation niachine 
under riifferent conditions, described in text. 



How (ir kinetic cnrrgy is thii^ decreased, a larger share (if tile total 
energy lilnTated li\' the heart must be storerl as potential ur j.iressure 
energy. 

Careful cxaniiiiatinn shii\\> that the systolic pressure ri^es less 
than the diastnlic and that the ])ulse pressure is accordingly 
(Iccreased. This is accounted for by the fact that the pericid of 
diastole is so much longer than systole, hence a larger share of the 
])()tciitial energy is converted into energy of flow during this jiliase. 
Ill (itlier \\(irds, the diastolic rise is greater than the systolic liy an 
amount of energy not converted into flow during diastole. The 
re^-erse occurs when the peripheral resistance is diminished. Sys- 
tolic and diastolic pressures both fall, the latter more than the 
former, however, and so the puKe pressure increases. 
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If, while the resistance remains decreased, the rate of the heart 
increases without changing the systoHc discharge, the systolic and 
diastolic pressures will also increase. This occurs because the 
minute volume, i. e., the amount of blood pumped out per minute, 
is augmented. Of this increased output only a portion succeeds 
in escaping through the peripheral arterioles into the veins, hence 
the larger share remaining becomes eflfective as an increased arterial 
pressure. The diastolic pressure rises more than the systolic and 
the pulse pressure is smaller, largely because the conversion of po- 
tential energy to the kinetic form is curtailed only during diastole, 
which is shortened when the rate increases. 

If, finally, while the peripheral resistance and heart rate remain 
constant, the systolic output increases, both systolic and diastolic 
pressures rise, owing to the fact that, as in the case of an increased 
rate, the minute volume injected exceeds the minute outflow from 
the arteries. The systolic pressure, however, rises more than the 
diastolic in this case, making the pulse pressure greater, because, 
with the higher pressure at the end of systole and the same resistance 
peripherally, a larger quantity of potential energy (pressure) is 
converted to energy of flow during a diastole of the same length. 



I. Summary. 
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Conceptions and Relations of Systolic and Diastolic Pressures. — 

The pressure within the arteries of an animal and in man do not 
vary in so simple a fashion as is indicated by artificial circulation 
apparatus, hence it is desirable to establish precise conceptions of 
circulatory changes. 

In the first place the pressure rises and falls during systole. Fur- 
thermore, in the central vessels the systolic top is represented by a 
peak and a summit, the former sharp (primary oscillation), the latter 
more rounded and corresponding to the true systolic level of pressure 
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Fig. 16. — Variations of systolic and dia.stolic pressure in sul.clavian artery of dog. The distinction hetwi'cn maximal and minima 
jressure is shown. During first expiration and inspiration, \ aiiations are due to mechanical influence .if respiration; during se<-(.n(: 
sxpiration and inspiration they are controlled by predominant eflect of heart-cycle changes. 5, systolic; £>, diastolic pressure. 
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in the ventricle. When resistance is fairly high the summit con- 
stitutes the highest point both in animals and in man (Figs. 8, 9, 
27, and 34). It not infrequently happens, however, that the prelim- 
inary peak is the highest point (Fig. 16). Inasmuch as the summit 
corresponds to the actual systolic pressure within the ventricle, 
it would seem desirable to limit the term systolic pressure to the 
highest point on the summit. The term diastolic pressure may 
likewise be accurately limited to the pressure reached in diastole 
before the preliminary oscillations occur. 

In the second place, the systolic and diastolic pressures of con- 
secutive beats fluctuate with the phases of respiration and change 
with the duration of consecutive cycles (Fig. 16). It is apparent 
that systolic and diastolic pressures are not equivalent to the 
maximum and minimum pressures reached, nor is the pulse pressure 
equal to the maximal-minimal pressure difference. 

That this distinction between systolic and maximal pressures, 
on the one hand, and diastolic and minimal pressures, on the other, 
is of more than academic interest is shown by the fact that in dogs 
the systolic pressure varies from 7-28 mm. during the act of respira- 
tion, while the diastolic pressure varies from 2-30 mm. The 
average pulse pressure of consecutive beats equaled from 66 to 98 
per cent, of the maximal-minimal pressure difference (Wiggers, 
Eberly and Wenner). Although impossible to determine quanti- 
tatively, it is probable that these differences are great enough in 
man to warrant a distinction. 

The Pressor Influence of Respiratory Movements. — If respiration 
ceases for a time both systolic and diastolic pressures fall until a 
new pressure level is reached. It is possible to estimate the "pressor 
effect" of respiratory movements by taking an average of the systolic 
and diastolic variations and comparing these with the pressure 
during apnea temporarily induced by stimulating the central 
vagus for 20-30 seconds with a weak current. Under such con- 
ditions, vasomotor reactions are delayed long enough in the dog so 
that the mechanical effect of respiration can be determined. The 
following data in which the figures represent mm. of mercury 
illustrate the method : 

Average systolic pressure. Average diastolic pressure. 

91.3 44,3 During natural respiration. 

88.4 38.9 During apnea. 

2.9 5.4 

In this case the normal act of respiration elevated the average 
systolic pressure 2.9 mm., or 3.1 per cent., while it depressed the 
diastolic pressure 5.4 mm., or 8.4 per cent. In dogs this respiratory 
pressor factor, as the percentile figure may be termed, is responsible 
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for 2-3 per cent, of the average systolic and 3-4 per cent, of the 
diastohc variation. Its importance consists, not only in the small 
share it plays in thus maintaining normal blood-pressure, but also 
in the fact that when arterial pressure is low, deep respirations 
contribute a relatively larger share of blood-pressure variations 
(Wiggers, Eberly, and Wenner). 

Rhythmic variations of the cardiac cycle, such as occur normally 
due to a rhythmic activity of the vagus centre or such as occur 
in abnormal rhythms of the heart (page 216) also modify the blood- 
pressures. We might anticipate from the hemodynamics evolved 
from an artificial circulation apparatus that a shortened cycle 
(z. e., an increased rate) would elevate both systolic and diastolic 
.pressures, while lengthened cycles would depress them. We must 
bear in mind, however, that such a change occurs only after a state 
of pressure equilibrium has been established and when the systolic 
discharge is unaltered. Actual records with optically recording 
manometers (Fig. 16) show that when fleeting variations in the 
cardiac cycle are concerned a shortened cycle (fifth wave. Fig. 16) 
is followed by a decreased systolic and increased diastolic pressure. 
A lengthened cycle (cf. sixth wave. Fig. 16), on the other hand, 
causes an elevation of systolic and a fall of diastolic pressure in the 
next wave. 

The variations of systolic pressure deviate from this rule only 
when the alteration of the cardiac cycle does not change the filling 
{i. e., in very slow hearts) and when a change in rate lasts for a con- 
siderable period so as to allow the pressure to become stable at a 
new level (Wiggers). 

In the large arteries the pressures vary little from those in the aorta. 
It is not until the smaller arteries are reached — such, for example, 
as enter into the formation of the Circle of Willis — that the mean 
pressure is conspicuously decreased (Poiseuille). The minimal 
pressure is also constant in the larger arteries, but the maximal 
pressure declines somewhat in arteries of such caliber as the 
thyroids (Hiirthle, Dawson). 

Relative Pressures at Different Points of the Vascular System. — 
As we pass to the smaller arteries both maximal and minimal 
pressures diminish, the former more than the latter. This reduction 
continues until, in the smaller arteries, a constant pressure exists 
during systole and diastole. The most accurate idea of the actual 
pressures in the human arterioles, capillaries and veins may be 
obtained by directly examining the vascular loops of the skin imder 
a microscope. To accdmplish this, a drop of glycerine is placed on 
the epidermis which is then illuminated by a strong light. The 
intravascular pressure is ascertained by applying pressure to the 
skin and observing the amount required to obliterate any particular 
vessel or group of vessels under observation (Lombard). The 
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following values, expressed in mm. of mercury were obtained by 
Lombard : 

Most resisting capillaries and arterioles . . . . 60-70 

Average capillaries . . 35-45 

Most compressible capillaries . 15-25 

Most superficial veins ... . . . 15-20 

Subpapillary venous plexus . ... . 10-15 

Apparently there is a fall of blood-pressure in the passage from 
the small arteries through the capillaries to the veins of 40-50 mm. 
mercury, which indicates that a great resistance is encountered in 
the capillary field. It may be noted in passing that the capillaries 
are I not the only fields where resistance is offered, for, if we accept 
90 mm. as a mean aortic pressure in man, the fall from the aorta to 
the arterioles examined by Lombard is nearly as great, showing that 
the arterioles themselves offer considerable resistance to the flow 
of blood. 

The Velocity of the Blood Flow. — By the velocity of flow is 
meant the rate at which a certain cross-section of the blood column 
passes a definite point, and is determined by the difference in 
pressure between two places at any time. 

Methods. — The average velocity in any vessel may be calculated 

V 
from the volume flow per minute, according to the formula L= — - 

TTr 

in which L equals the length of the blood column passing per unit 
time and hence represents the velocity, V equals the volume flow 
per unit time determined by a strohmuhr,' and r, the radius of the 
artery. This, however, gives only the mean velocity and not the 
variations occurring during systole and diastole. To establish 
these variations the hemodromograph was devised by Chaveau. 
This instrument, described in most modern text-books, has proven 
of little real value. In the first place, its use is restricted to large 
animals, the horse being apparently the only animal in which it has 
been used. Secondly, coagulation interferes with its prolonged use 
in any experiment. Lastly, the movable mass of the apparatus is 
so great that it is not capable of following rapid changes of velocity 
accurately. 

Still another method of studying variations in velocity is by 
the use of Pitot's tubes. The principle of their use is as follows: 
If into a larger tube, in which fluid under pressure is passing, two 
tubes are introduced in such a way that the opening of one is directed 
against and the other with the stream, a difference of pressure in 
the two tubes takes place which, at any time, is proportional to the 
velocity. This principle was applied by Cybulski to study varia- 

1 Cf. page 75. 
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tions in the velocity of the blood stream, but the heavy mass of the 
mercurial column of his manometer rendered it incapable of accu- 
rately following the pressure changes. The same principle has 
recently found application in the laboratory of Frank (Fig. 17). 
He inserts a double-barrelled cannula with lateral openings pointing 
in opposite directions, into a side branch of the vessels in which the 
velocity is to be measured. This is connected with a double 
chamber, the cavities of which are separated by a rubber membrane 
and filled with fluid. In a recent form of apparatus, Frank has 
sought to record the movements of this differential membrane by 
cementing a small mirror to it and reflecting a beam of light through 
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Fig. 17. — Diagram showing the principle of Frank's differential manometer for 
recording variations in velocity. 



the glass side of the chamber. To prevent the upward diffusion of 
blood and thus the interference with the passage of the light beam, 
he interposes a delicate membrane between the outer chamber and 
the artery. The principle of this apparatus is shown in Fig. 17. 

The velocity flow in man was at first deduced from the volume 
curve of an arm enclosed within a plethysmograph, recorded by 
some form of volume recorder (Fick). The idea upon which this 
was founded assumes that the venous outflow is constant. The 
first differential quotient of the volume curve is, then, proportional 
to the velocity. Garten has improved upon this method, by sub- 
stituting a soap bubble as a registering mechanism. To obviate 
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the determination of the differential quotient of the volume curve, 
V. Kries devised the tachograph to record the velocity. This apparatus 
in which the variations of a gas flame were photographed, had obvious 
disadvantages. It has been adopted and improved by Frank in the 
following manner: The arm is placed in an arm plethysmggraph. 
The plethysmograph instead of being kept closed communicates 
with the outside air by a second opening. The capsule, therefore, 
records, not the volume change but its differential quotient which 
gives the velocity change directly. It is important to keep the 
chamber as small as possible and the external communication as 
large as is permitted by the sensitiveness of the recording mechanism. 
This appliance records the velocity changes accurately only when 
the variations are not too extreme and rapid. If this is the case, 
the records may become mixtures of volume curves and tachograms, 
as the records of velocity are called. 

Velocity Curves. — By these methods, it has been shown that the 
variations of velocity change according to the distance of the artery 
from the heart. Thus, in the aorta near the valves, the velocity 
is great during systole, while, during diastole, the blood remains 
practically at rest. As we move slightly from the valves, we 
obtain both a systolic and a diastolic flow (Hiirthle). The flow 
accelerates markedly early in systole but in the latter part dimin- 
ishes rapidly and this slower rate continues into diastole. As the 
smaller arteries are approached, the velocity becomes less and less 
during systole but remains greater during diastole than in the larger 
arteries. 

Trustworthy quantitative values for these variations are still 
not available. Figures yielded by the hemodromograph indicate 
that in the horse the flow may attain a maximum velocity of 520 
mm. per second and fall to 150 mm. during diastole (Lorlet, quoted 
by Tigerstedt). The average velocity of flow has been estab- 
lished more satisfactorily in a quantitative way. In dogs, this 
has been placed at 260 mm. (Vierordt) and 241 mm. per second 
(Tschuewsky). This average velocity decreases as the smaller 
vessels are approached. The rate of flow in the veins is more 
constant, increasing somewhat in the larger vessels. Thus, the 
flow in the jugular equals 147 mm. per second, while in the 
femoral it is 61.6 and in the renal 63 mm. (Burton-Opitz). 

We may therefore picture the average velocity as gradually 
decreasing from the heart to the capillaries and increasing slowly 
as the blood is returned to the heart. This is due to the fact that 
the total stream bed widens as the periphery is approached and 
narrows again as blood is collected and returned to the heart. 

The Volume Flow of Blood. — By volume flow is meant the 
volume of blood passing through a vessel or organ in a definite time, 
independent of whether its velocity is great or small. The volume 
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of hlood pasbing through the aorta ineasurfs the total \'iilume passing 
through all the organs with the exception of the heart walls. The 
volume flow per minute has been termed the minute volume. This 
is equal to the product of the pulse vuluine (i. e., the cpiantity 
flowing during one heart cycle) and the heart rate per minute. 

The magnitude of the minute volume and also of the pulse vohnne 
has been determinefl in \'aritius ways in animals, namely: 

1. By perfusing a heart in such a way that fluid passes in normal 
fashion into and through the cardiac chambers and measuring the 
outflow (Stolnikow, IIowcll ami Donaldson, PatttTson and Starling). 




|J ^J^-.„-,..-. W^ 




m i n. 



Fig. IS, — Rc'cordiiif^ btroniuhr. Fluid entering the riglit eonipartnient ui cylin- 
der (C) via AR, pushes the plunger (K) to the left and cause.s a don-nward move- 
ment of the lever (H). On reversing the plate (D) by means of a handle (k) blood 
flows ^^a AR into the left compartment and pushes the plunger to the right, thereby 
raising the lever iH}. (After Burton Opitz.) 



Theoretically the aortic outflow should be directly measured, b\it 
as this causes the heart to act without arterial resistance, the fl(.jw 
beyond an arterial resistance has been used (Patterson and Star- 
ling). Tliis is ob\iously onl\- an accurate estimate of \-olume flow 
as long as the arterial ])ressure remains unaltered. 

2. By inserting a strohmuhr into the aortti after tenip(irar\' 
iiitcrruj.itidii of the current (Tigerstedt). 

\ arious forms of strohmuhr have been de\iscd and are dcscrilicd 
in current text-books of physiology.' P"ig. 18 shows the jjrinciple 

' For a detailed description of various forms see Tigerstedt's Handliueh der jjliy^i- 
ologische IMethodik, 1909, II, part 4, 105. 
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of a graphically recording form devised by Burton Opitz which 
has the advantage that hydrostatic variations are avoided by the 
employment of a horizontal barrel. 

3. By the blood dilution method (Stewart). Salt solution is 
allowed to slowly enter for a definite number of seconds into the 
left ventricle through a tube passed down the carotid. A sample 
of the mixture of blood and salt solution is collected from a femoral 
branch where its arrival is detected by a change in electrical resist- 
ance. The quantity of blood with which the solution was mixed 
in the ventricle can be determined by adding to a sample of blood 
previously drawn the same saline solution until its conductivity is 
the same as that of the solution collected in the experiment. 

4. By the gasometric method (described on page 227). 

5. By determining quantitatively the cardiometric variations of 
the ventricle and calculating the minute volume. 

By these different methods the following average results have 
been obtained in dogs by various investigators : 





Pulse volume 


Minute volume 


Flow per minute 


Heart rate 


Investigator. 


CO. 


c.c. 


per 100 G. 


per min. 


Stolnikow (1) 


11-55.0 


1815-2200 


2,5-34.6 


33-200 


Stewart (3) . 


52.6 


3892 


13.9-22.2 


74-84 


Howell and 






19.7 




Donaldson (1) 










Grehant and 




591-2614 


8.4-14.5 




Quinquaud (4) 










Tigerstedt (rab- 


5.1 


984.3 




193 


bits) (2) 










Henderson (5) 


13.5-32.5 


810-1950 


1.3-2.6 


60 




13.1-26.5 


1576-3188 


2.0-3.9 


120 


Murlin and 


8.6-26.1 


1204-^386 


8.9-14.6 




Greer (4) 










Rothberger (2) 


1-3 


55.4^66.8 






(cats) (5) 


1-3 


55.5-447.5 


1 . 8-14 


54-157 


Patterson and 


4.2-22.3 


560-3000 




126-135 



Starling (1) 

Note. — Numbers after investigators refer to methods used. They correspond 
to numbers used in text above. A number of the calculations were made by the 
author from data of accredited investigator. 



It is apparent from this compilation that the systolic output of 
the heart and consequently the minute volume may vary consider- 
ably under different conditions. For this reason a consideration 
of the factors that determine the minute volume is important. 
It is generally concluded that an increase in the heart rate is accom- 
panied by an increased minute volume. According to Henderson, 
it is proportional to an increase in rate only so long as the next 
systole falls during diastasis and does not shorten the elastic diastole 
{cf. Fig. 13). Henderson and his co-workers believe it is impossible 
for an increased systolic discharge to occur synchronously with an 
increased rate, but recently Knowlton and Starling have reported 
that the perfused heart, at least, is capable of throwing out the 
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same systolic volume per beat even when the rate is very much 
accelerated. 

It is generally agreed that the filling of the heart, its systolic 
discharge and, therefore, the minute volume are dependent on the 
height of venous pressure. As the pressure rises the output increases. 
There is some difference of opinion, however, as to the extent to which 
this increase may be carried. According to Henderson and his 
co-workers, the heart attains its maximum output per beat when the 
effective pressure in the auricle reaches about 50 mm. of water in 
the right auricle and about 80 mm. in the left. Pressures above 
these levels are supposed by him to increase the output per beat 
very little, hence they have been termed "critical pressures." 
Inasmuch as pressures of such magnitude are effective in filling 
the heart within the thorax, it would follow on this hypothesis that 
an increase in venous pressure beyond these limits could not appre- 
ciably affect the output of the heart. This has not been the impres- 
sion gained by subsequent experimenters, however. It appears 
that the optimum venous pressure level is much higher (125-250 
mm.) both for the heart intact within the thorax (Wiggers) and the 
perfused heart as well (Patterson and Starling). Upon this concep- 
tion any increase in venous pressure such as might result from 
augmented breathing, etc., could produce a larger or an equal dis- 
charge per beat even at very high rates. 

As the minute volume varies with the size and weight of the 
animal, much more satisfactory figures may be obtained by com- 
paring the blood flow per minute per 100 grams body substance. 
The results of investigators show that in dogs this varies from 15-30 
c.c, while in man the average appears to be about 6 c.c. (For 
details, see page 231.) 

The Vascularity of Different Organs. — Such calculations of blood 
flow per 100 grams substance should not lead to the inference that 
all organs are equally well supplied with blood, which is utilized 
by the different tissues in various ways. In the nervous system 
and muscles, for instance, it essentially supplies the material for 
maintaining their activity, and offers an avenue for the disposal 
of waste products. Other organs, however, modify or regulate the 
composition of the blood, either, as in the lungs or intestines or 
glands of internal secretion, by adding new substances to it, or, as in 
the kidney, by removing waste products of metabolism. A knowl- 
edge of the relative and absolute blood supply of different organs is 
not only of interest from the viewpoint of the circulation, but also 
in understanding the metabolism of the body, since it may be 
assumed that the share taken by different organs in the total 
metabolism is proportional to their blood supply, per unit time, 
per 100 grams of that organ. The following table, copied, in the 
main, from Burton Opitz, gives an idea of the relative vascularity 
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of different organs of the body as determined by inserting a stroh- 
muhr into the arteries furnishing blood to the organs. 

Minute Volume per 100 Grams Substance. 



Posterior extremity . . 5.0 o.o. 

Skeletal muscles . . . 12 . c.c. 

Heart .... 16.0 c.c. 

Head 20.0 c.c. 

Stomach . . . 21 . c.c. 

Liver (arterial) . . . 25.0 c.c. 

Portal organs (combined) . 30.6 c.c. 

Intestine . . 31.0 c.c. 

Spleen 58.0 c.c. 

Liver (venous) 59.0 c.c. 

Pancreas 80.0 c.c. 

Liver (total) 84.0 c.c. 

Brain 136.0 c.c. 

Kidney • 150.0 c.c. 

Thyroid . 560.0 c.c. 



Tschuewsky. 
Tschuewsky. 
Bohr and Henriqufes. 
Bohr and Henriqufes. 
Burton Opitz. 
Burton Opitz. 
Burton Opitz. 
Burton Opitz. 
Burton Opitz. 
Burton Opitz. 
Burton Opitz. 
Burton Opitz. 
Jenson. 
Burton Opitz. 
Tschuewsky. 



It is of interest to notice that the Hver with its large mass and 
varied functions takes a place subordinate to such organs as the 
brain, kidney and thyroid, when calculated on a basis of unit mass. 
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CHAPTER V. 
THE CONTROL OF BLOOD FLOW THROUGH ORGANS. 

The quantity of blood passing through different organs is not 
constant from time to time but alters, as a rule, with the conditions 
of activity. Thus, when the salivary or other glands secrete, when 
muscles contract and perhaps when increased nervous activity takes 
place, the blood flow augments. This may be brought about 
either by an alteration in the general pressure or by a change in 
the total peripheral resistance of the organ in question. 

The Supplying Pressure. — When the total resistance in an 
organ remains constant and the pressure supplying that organ 
is intermittent, the mean pressure does not entirely determine 
the flow; but, on the contrary, the flow is proportional to the 
amplitude of the pressure variation (Hooker, Hamel, Hoffman, 
Gesell, etc.). The recent work of Gesell raises the question 
whether organs left intact within the body follow such simple 
dynamic rules, for he found that the flow through the kidney 
did not alter when the pulse pressure was reduced and the mean 
pressure remained the same. On the contrary, it sometimes 
slightly increased when the pulse pressure was reduced and the mean 
pressure fell. It is concluded from these results that the vascular 
resistance of intact organs alters to compensate for the change in 
pulse pressure. 

The Total Resistance. — The total resistance in an organ is 
determined by the resistance offered to the flow by the venous 
pressure and by the friction between the blood and the vessel walls. 
This friction depends on the viscosity of the blood and the size of 
the vessels, as controlled, actively by vasomotor influences, and 
passively by extravascular support or pressure. 

Thus, a high intraventricular or intracranial pressure may inter- 
fere with the flow through the heart or brain, respectively, and a 
great tonic contraction in muscular organs (for example, intestines 
and uterus) may entirely obliterate the vascular channels by com- 
pression. This is often the determining method of modifying periph- 
eral resistance in muscular organs. In many organs devoid of such 
a mechanism (e. g., glands) the active vasomotor constriction and 
relaxation of vessels determines the peripheral resistance. The 
presence of vasomotor fibers has been demonstrated for all organs, 
but their eflBciency in controUing the blood flew is not equally 
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developed in all regions. In fact, their activity has been so over- 
shadowed by other factors that their presence in some organs has 
until recently been questioned. This has been particularly so in 
the case of the cerebral and coronary vessels.^ 

The evidence that the cerebral vessels are supplied with vaso- 
motor fibers is partly histological and partly physiological. The 
vessels contain muscular elements. Nerve fibrils have been traced 
as far as their terminations in the cerebral vessels (Obersteiner, 
Huber, Gulland). That they are probably vasomotor rather than 
sensory fibers is evidenced by the following investigations of the 
writer: 




Fig. 19. — Curve showing by its change in slope the effect of stimulating the carotid 
sheath on the flow through the isolated brain. 



1. When the isolated brain is perfused with a pulsating stream, 
the addition of adrenalin which presumably acts on the sympathetic 
nerve terminals (Brodie and Dixon, Elliott, Dale) causes a diminu- 
tion of flow through the organ. The criticism of the method made 
by Dixon and Halliburton has been answered by the writer, recently; 
and, moreover, it has been possible to show that when the identical 
method of these investigators is used, adrenalin still causes its 
typical constriction. 

2. If the nerve plexuses surrounding the carotid sheaths are 
stimulated at a time when the physiological condition of nerves and 
technic are favorable, a decrease in flow through the brain vessels 
follows, as shown in Fig. 19. These results give direct evidence 
of a nerve control over the cerebral vessels, a conclusion foreshadowed 
by histological studies and the reaction to adrenalin. It may be 
pointed out that, owing to technical difficulties, negative evidence 
cannot counterbalance evidence of a positive character unless it 



' For review of literature, consult Howell, Text-book of Physiologj-, 1913, 612; 
Bayliss, Ergebnisse der Physiol., 1906, vz, 319. 
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can be shown that the procedures by which the latter was obtained 
were faulty. So far this has not been done. 

Evidence of a similar kind favors the existence of a vasomotor 
supply to the coronary vessels. In the first place, fibers have been 
traced to the bloodvessels of the Purkinje system (Dogiel and 
others). In the second place, a diminution of outflow from the 
right ventricle of a perfused heart has been observed on vagus 
stimulation (Porter and Maas). These experiments, however, 
furnish "probable rather than quite conclusive proof" of a vaso- 
motor influence. The factors affecting coronary vessels are so 
many and the communications of the vessels with the ventricle 
so numerous that any decrease or increase in outflow can be accepted 
as demonstrating vasomotor change only when it can be shown 
that (1) the pressure supplying the coronaries remains the same and 
(2) the size of the right chambers existing as intermediary reservoirs 
is constant, and (3) the massaging effect of cardiac contractions 
on the intramural vessels has not altered. Recently, Porter has 
suggested another method of more accurately gauging the flow 
through the coronaries which is entirely free from these objections 
and should yield trustworthy results on stimulation. In the third 
place, adrenalin when perfused through a quiescent heart prepara- 
tion invariably diminishes the coronary flow (Wiggers). A similar 
result has more recently been obtained by Rabe. In the case of 
the beating heart, most investigators find that the flow is augmented 
(Schafer, Wiggers, Morawitz and Zahn and F. Meyer). This, 
the writer has attributed to the fact that the amplitude and rate 
of beat increase, a factor that Porter has shown to augment the 
flow. Brodie and CuUis found a similar reaction with large doses 
of adrenalin but in the case of the smaller doses a decreased flow 
preceded this increase; and this they attributed to the constriction 
brought about by adrenalin. 

It remains to consider the contradictory evidence offered by 
the fact that adrenalin usually dilates strips of coronaries immersed 
in Ringer's solution. This reaction has been repeatedly obtained 
in strips of the larger coronaries from the sheep, ox, goat, calf, 
etc. (Langendorff, Pal, Cow, Eppinger and Hess, Barbour, etc.). 
Barbour, however, found that the coronaries of man obtained at 
autopsy contracted. In harmonizing the constrictor action exclu- 
sively obtained in perfusing the resting heart with the dilator action 
found by the ring contraction method, it may be pointed out that 
the two methods test the reaction of different parts of the coronary 
system to adrenalin. The perfusion method tests essentially 
the reaction of the arterioles, the ring method that of the larger 
arteries. The results are not necessarily antagonistic but offer 
presumptive evidence that the larger vessels are supplied only with 
dilator fibers, while the smaller ones — and these are principally 
6 
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concerned with cletermininf^ the blood flow through the organs — are 
supplied with both constrictor and dilator fibers. More direct 
evidence that the coronaries are influenced by vasomotors exists. 
Stimulation of the vagus nerve causes in the atropiuized dog a 
decreased outflow from a wounded heart vein. This persists in 
spite of the fact that changes in the blood-pressure, the contraction 
of auricles and ventricles and back How do not occur (Fig. 20). 

The Cerebral Circulation and its Control. — The brain is enclosed 
within the bony cranial cavity, through certain openings of which 
arterial blood is admitted and \'cnous blood ])asses away. hLxcept 
for a few cubic centimeters of cerebrospinal fluid that may be 



Rt. Vent. 



^ If \ 

f -I- -n-* I II HI m i i m'| i »j i ' n ' ^ ' f ' i i ii j - "i r m T i uv >' " """''t"''ir""rnTiwi^ — 



^ 



Venous outflow. 



Fit;. LM). — Effet.'t of .stimulating vagus (weak ciirrctit) on the m'iioiis ontHow 
from the coronaries when no change in the contraction of tire auricle and \'eiitricle 
was present. 

displaced from the subarachnoid sj)ace into the spinal ca\-ities, the 
brain is limited in its expansion. Hence the quantity of blood 
entering at anj- time cannot greatly exceed the outflow from the 
veins. This principle first stated by Monro in 1783 has generally 
been designated as the Monro-Kellie doctrine. 

The brain is supplied by the two vertebrals and the two internal 
carotid arteries which form the basal anastamosing com])lex, 
known as the Circle of Willis. Recent evidence indicates that the 
functional anastamosis is less complete than the anatomical studies 
of Willis would indicate. Colored solutions injected into one 
vessel are distributed only to that section of the brain directly 
tributary to this artery, while drugs, such as chloroform, which are 
harmless when injected into the carotid act very powerfully on 
the respiratory and vasomotor centres when injected through the 
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vertebral (Kramer). This is evidently due to the fact that the 
pressures are so evenly balanced that little or no intermingling 
occurs. 

The blood returning from the brain substance is collected into 
the venous sinuses which are contained between folds of the dura 
and rest in grooves on the inner surface of the cranial bones. These 
sinuses drain largely through the lateral sinuses into the internal 
jugular vein, although numerous other collateral routes exist. 

The cerebrospinal fluid surrounding the brain and large vessels 
is normally under a pressure equal to that of the veins (Bayliss and 
Hill). Under abnormal conditions, it may rise considerably. 
When this occurs the veins are not obliterated as might be expected 
and a self-strangulation does not occur. The flow is not reduced 
until a pressure nearly equal to intra-arterial is attained. This is 
probably due to the protection which is afforded to the veins by the 
inelastic dura. It is only when the pressure becomes high enough 
to compress the unprotected arteries that the flow is reduced. 
Were it not for this protection, an increase in general blood-pressure 
by expanding the cerebral arteries and raising intracranial pressure 
might compress the veins and reduce the outflow, as was at one time 
claimed by Geigel and Grashney. 

It has been conclusively demonstrated that the cerebral circula- 
tion in experimental animals follows in every essential phase the 
variations of the general arterial pressure. When the arterial 
pressure rises the volume tends to increase if a trephine opening 
is made, the intracranial, intra-arterial and intravenous pressures 
increase and a larger flow of blood through the brain occurs (Roy 
and Sherrington, Bayliss and Hill, Gaertner and Wagner, etc.). 
There is no reliable evidence that the vasomotor fibers demonstrated 
to be present are powerful enough to overcome any considerable 
variation of general arterial pressure. Of this one can convince 
oneself directly by perfusion experiments. If a constriction is 
induced by adrenalin it requires only a very slight elevation of the 
perfusion pressure (5 mm. often suffices) to annul it, whereas, in 
other organs, as the kidney, a pressure rise of 40-50 mm. will not 
overcome the restriction. These nerves clearly play very little 
part in modifying the blood flow through the brain. Their function 
is as yet unknown. The possibility exists, as Howell suggests, 
that they may serve to adjust the distribution of blood within the 
cerebral areas, by directing blood in larger quantities to those 
regions undergoing special activity. It is not impossible that 
they are in some way associated with or perhaps responsible for 
sleep, for, according to Shepard, the volume of the brain increases 
during this act. 

The Coronary Circulation and its Control. — ^The heart muscle 
receives its blood supply from the two coronary arteries which 
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break up into intramuscular capillaries. From these regions blood 
is collected by venules and veins which finally empty into the 
coronary sinus of the right heart. There are, however, direct 
communications with the ventricles by means of the Thebesian 
vessels, which, as Pratt has shown, are efficient vascular channels 
in the nutrition of the heart. 

The flow through the coronary system is dependent to a marked 
extent on the arterial pressure. The height of blood-pressure, as 
a rule, overbalances any active vasomotor changes. Thus, if a 
general vasoconstriction of which the coronary vessels partake 
(for example, after adrenalin) is induced and the blood-pressure is 
raised in this way, the flow through the heart will increase. This 
has been shown in perfusion experiments, as well as in hearts intact 
within the body. The flow is modified also by the activity of the 
organ itself, that is, by its rate and amplitude of contraction, its 
tonus and the height of intraventricular pressure (Magrath and 
Kennedy, Hyde). 

With each beat blood can be seen to be forced from a cut vessel. 
This is due to the fact that, during systole, muscular contraction 
compresses the intramural vessels and forces blood onward in the 
direction of least resistance; and, during diastole, the emptied 
vessels are quickly refilled by the greater pressure in the central 
arteries. Distention of the ventricle and increased tonus diminish 
the flow by increasing the total resistance. 

The Circulation Through the Liver and its Control. — On account 
of its very important functions associated with digestion and 
nutrition, the liver is favored with an exceedingly great blood 
supply. With the exception of the lungs, the liver receives the 
largest total supply of any organ in the body. It has been estimated 
(Burton Opitz) that a liver weighing 500 grams in a dog weighing 
15 kilos, receives 420 c.c. of blood per minute; or, roughly stated, 
an amount of blood equal to the entire amount in the body traverses 
the liver every three minutes. 

It receives this supply from two sources, the hepatic artery and 
the portal vein. The arteries not only supply the walls of the bile 
ducts and the portal vessels, the connective tissue capsule and 
trabeculae but also communicate with the radicals of the portal 
system so that a mixture of arterial and venous blood reaches the 
capillaries. The arterial and venous branches join at an acute 
angle (Gad) forming a sort of valve which may shift in accordance 
with the pressure on each side. 

Strohmuhr experiments (Burton Opitz) indicate that more than 
two-thirds of the total liver flow comes from the portal side, which, 
in turn, derives its greatest supply in the order named from the 
intestines, stomach, spleen, and other splanchnic organs. This 
relation exists in spite of the fact that the hepatic artery has a 
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pressure not materially lower than that in the aorta, while the portal 
vein has a pressure equal to about 10 mm. of mercury. 

It is evident that the flow through the liver may be passively 
modified, not only by variations of arterial pressure, but also by 
changes in the portal pressure, which is determined by the flow 
through the abdominal organs. Thus, a marked constriction of the 
vessels of the intestines, spleen, etc., causes an elevation of pressure 
in the aorta and hepatic artery but a decrease in portal pressure. 
It is desirable to determine the result of such vasoconstriction on 
the arterial and venous flow through the liver. Inasmuch as the 
splanchnic nerves apparently are not connected with the post- 
ganglionic vasomotor fibers for the liver, (Burton Opitz) it is 
possible to do this by stimulation of the splanchnic nerves. When 
this is done, the portal flow first increases and the pressure rises 
due to the onward movement of blood into the central portal veins. 
This is soon followed by a reduced flow and a fall of portal pressure. 
This is compensated for, however, by an increased inflow passively 
brought about by the rise of pressure in the aorta. The hepatic 
artery serves as a compensatory mechanism in such cases insuring 
an adequate supply to the liver. 

A different situation results, however, when the portal flow is 
mechanically shut off or reduced. The arterial flow then does not 
increase in a compensatory manner as might be expected but is 
likewise reduced. The reason for this is that when the portal 
supply is shut off, less blood is returned to the heart and in conse- 
quence the arterial pressure falls. The flow through the arterial 
channels of the liver is then determined largely by the height of the 
arterial pressure. 

The question remains whether the pressure within the portal 
vessels and the flow may also be modified by veno-motor nerves. 
It is generally held, after the experiments of Mall, that the portal 
vein is supplied with such a special vasomotor control which may 
regulate the flow independent of other organs. While some experi- 
ments have not favored the idea that such a control exists (Velich, 
Mares), its existence and significance have been definitely established 
by the recent work of Burton Opitz. 

Having recognized the dependence of the liver volume on arterial 
and portal pressure, it is necessary to consider the arterial vasomotor 
regulation. It has been shown that stimulating the. nerve strands, 
passing from the celiac ganglia with the hepatic trunks to the 
liver causes a marked rise of arterial pressure and a reduction in 
arterial flow. In the case of some fibers, this amounts to almost a 
complete cessation. While the arterial inflow is thus reduced due 
to vasoconstriction, the portal flow suffers only a slight reduction, 
which indicates that the fibers distributed to the venous radicals act 
feebly as compared to those supplying the arterial branches. 
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Since nerve stimulation does not itself modify the flow of portal 
blood, it seems that this flow is largely dependent on the vasomotor 
mechanism in the organs tributary to the portal vein. The fact, 
however, that the flow diminishes after the introduction of adrenalin 
indicates that a contraction of the intrahepatic radicals of the portal 
vein occurs. The exact location of this mechanism is, however, 
as yet undetermined (Burton Opitz). 
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CHAPTER VI. 

THE PHYSIOLOGY OF THE PULMONARY CIRCUIT. 

The Pressure Variations in the Pulmonary Circuit. — The mean 
pressure existing witiiin the pulmonary artery has been measured 
by a number of investigators. Most of the experiments have been 
carried out under artificial respiration after opening the thorax. 
A cannula was inserted into the central end of an arterial branch 
going to one of the smaller lobes and the lateral pressure in the 
main vessel was thus ascertained. In this way, values ranging 
from 8 to 34 mm. of mercury were obtained; the average, 20 mm., 
being usually given as the mean pressure in the pulmonary- circuit. 
It is quite obvious that pressures so obtained are not necessarily 
identical with those measured in naturally breathing animals, 
especially since we now know that the pressure within the right 
auricle and, hence, the output of the right heart tend to diminish 
unless special precautions are taken. The mean pressure during 
natural respiration has also been registered (Plumier, Wiggers). 
The procedure first suggested by Fredericq is usually followed with 
some modifications. A thoracic trocar connected by an air-tight 
.system with a recording tambour is first inserted through an inter- 
costal space and the negative pressure during inspiration and 
expiration recorded for a short time interval. Under artificial 
respiration the fifth to the eighth ribs are resected on the right 
side so that the lower lobe can be withdrawn with gentle traction 
and the arterial branch to the small lobule accessary to this lower 
lobe dissected from the lung tissue. Ligation of this vessel cuts off 
so small a part of the entire pulmonary circuit that its closure 
by a clamp even during natural breathing is without any influence 
on recorded arterial pressures. After applying a clamp which can 
subsequently be operated by a screw projecting from the repaired 
chest, a short-necked waxed cannula is securely tied into this 
vessel and a connecting rubber tube is pulled through a small 
intercostal incision in such a way that, with the lung reduced, a 
straight line is formed with the arterial branch. This proves 
exceedingly important for, if the least tendency to kinking of the 
pulmonary artery exists, it increases when the ribs are raised in 
inspiration. If this occurs the lumen of the vessel is reduced during 
inspiration and the true pressure variations in the large pulmonary 
arteries are not accurately reproduced. To prevent the elevation 
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of the ribs from compressing the rubber tube during inspiration and 
so introducing an artificial pressure change, a waxed glass tube, 
8 mm. in internal diameter, is slipped into the rubber connection 
until it approximates the cannula. This tube is similarly connected 
with the pressure recording apparatus. The thoracic wall is then 
surgically repaired and rendered air-tight. After stoppage of 
artificial respiration, which has just previously been increased so 
that the animal is in apnea, a negative 'pressure equal to that existing 
during expiratory quiet previous to operation is restored by gentle 
suction through a T-tube of the trocar tambour system. 



Mm.Hg. 




Fig. 21. — Diagram showing the respiratory variations of systolic and diastolic pres- 
sure in the carotid artery (/), pulmonary artery (//), and right ventricle (///). 

Utilizing this method, Plumier found that the mean pressure 
averaged 18 mm., but that this level was elevated and depressed 
rhythmically by respiration. The writer using maximal- and 
minimal-valved manometers, found that the maximal pressure 
averaged 31.3 mm. and the minimal pressure averaged 5.9 mm., 
giving a mean pressure of about 19 mm. In a second series of 
experiments in which greater pains was taken to have a normal 
venous pressure, and in which a different form of pulse pressure 
instrument was employed, the average maximal pressures ranged 
somewhat higher, namely, 43.3 mm., while the minimal averaged 
11.9 mm. The average variation of the systolic pressure during 



THE NATURE OF THE PRESSURE VARIATIONS 89 

respiratory phases was 12 mm., the average diastohc variation, 
8 mm. 

Comparing these results (Fig. 21) with the variations in the sys- 
temic circuit, it is evident that while both systolic and diastolic 
pressures range much lower in the pulmonary vessels, the respiratory 
fluctuations are actually as great and in some instances larger. 
The mechanical action of respiratory movements contributes 
approximately 32 to 40 per cent, to the height of the maximal 
pressure and depresses the minimal pressures 10 to 20 per cent. 
In other words, during apnea the maximal pressure falls and the 
minimal increases. Presumably the mean pressure is little 
affected. 

The rate of the heart modifies the pressures only within certain 
limits. As the cardiac cycle lengthens to approximately 0.8 second, 
the diastolic pressure falls somewhat but the systolic pressure 
undergoes no change or displays only a slight tendency to decrease. 
When the cycle becomes longer than one second, the diastolic 
pressure falls no further but the systolic exceeds that- at slower 
rates. These studies lead to the inference that variations in the 
length of the cardiac cycle between 0.6 and 0.9 seconds, such as 
occur normally from beat to beat, are practically without influence 
in modifying the pulmonary diastolic pressure, while their influence 
on systolic pressure is very slight. 

The Nature of the Pressure Variations. — As in the systemic circuit, 
the variations in pressure may be described as cardiac and 
respiratory. 

The contour of the cardiac variation resembles that obtained 
by Frank in the aorta, the chief difference being that the summit is 
reached relatively early in systole (Fig. 22). The wave A-B 
evidently corresponds to the auricular contraction. In many 
cases this is followed by an elevation {B-C) before the negative 
wave iC-B) supervenes. This, in turn, is followed by the short 
vibration (D-E-F), after which the main rise occurs. A study 
of curves enlarged and transcribed to millimeter paper after a 
method similar to that described by Broemser leads to the con- 
clusion that the true isometric period falls during the waves 
C-D-E-F and that the wave B-C, when present, is concerned 
with auricular pressure changes. The negative wave iC-D) 
present in the aortic curve only during low pressure is always 
clearly distinguishable in the pulmonary arterial record. Although 
the diastolic pressure in the pulmonary artery is much lower than 
that in the aorta, the isometric period is not materially different 
from that in the left ventricle. 

Following the preliminary vibrations and the opening of the 
semilunar valves, the pressure rises suddenly to G and rapidly 
falls to H. Since the vibration period of the primary pressure wave 
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of G equals about 0.03 second and the inlierent period of the 
instrument was 0.00030, it must evidently be attributed to a vil^ra- 
tion of the bh)od column existing within the artery and not to an 
instrumental vibration. In all the records the amplitude of this 
vibration is much greater than in the systemic circuit. Following 
the primary wave, the record assumes a rounded top which may be 
regarded as the true systolic summit and then rapidly falls to the 
incisura. In the experiment from which the waves of Fig. 22 were 
taken, the right auricular pressure was 14 mm. of water during 
expiration and —LI mm. during inspiration, pressures whicli may be 
regarded as normal, inasmuch as they agree favorably with ])ressures 
found in unanesthetizcd animals. In order to study the effect of 
increasing the venous ])ressure, saline was slowlx' infused by the 
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Fir,, 22. — The dotailri of the jjressure changes in the [)uhTii»iiar\' artcr>' diiriiii^ iii.si)ira- 

tion and expiration. 

jugular. When the pressures reached 08-80 mm. above intra- 
thoracic a pronounced increase in amplitude occurred, and the 
curve assumed the form shown in Fig. 9, ^1. 

In naturall>' breathing animals important changes, not only in 
the height, but also in the details of contour occur during inspira- 
tion and expiratit)n. Their essential character is shown in the 
consecutive waves of Fig. 22, the first of which occurs during 
expiration and the last two during inspiration. Inspiration at 
its beginning causes a descent of the diastolic portion of the second 
curve which is followed by a proportionate fall of systolic pressure 
(measured at the height of the rounded curve) so that the pulse 
pressure is not greatly reduced. In the third wave, however, 
occurring at the height of inspiration, the systolic pressure is 
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markedly lower and the pulse pressure is much reduced. Cor- 
responding changes in the height of the carotid curve take place. 
The contour of the inspiratory pressure wave (second wave) differs 
from that of expiration (first wave). During inspiration the 
auricular wave is less prominent but the amplitude of the prelimi- 
nary vibration ( D-E-F) becomes much greater. The time relations 
remain unchanged. The primary upstroke (G-H) also becomes 
larger and sharper in its rebound and after its completion returns 
more rapidly to the top. The systolic summit which was smoothly 
rounded in expiration approximates a short ascending or horizontal 
plateau. These changes can be explained by a decreased resistance 
in the pulmonary vessels. 

More extended observations show, however, that systolic and 
diastolic pressures fall in this manner in inspiration only when not 
more than two beats occur during that phase. Should a third 
beat occur, the systolic pressure increases again in spite of the fact 
that the diastolic pressure remains low. A study of the intraven- 
tricular pressure curve indicates that this increase is accounted 
for by an increased systolic discharge. 

During expiration both systolic and diastolic pressures are 
increased, the diastolic often during the period when the semilunars 
are closed. This is apparently traceable to an increased pulmonary 
resistance in the deflating lungs and also to an augmented systolic 
discharge. Further experiments are necessary to ascertain the 
causes of the variations of output during inspiration and expiration 
and to analyze more fully the factors involved in modifying the 
total pulmonary resistance during acts of respiration. 

The variations of pressure in the pulmonary veins have not as 
yet been satisfactorily investigated in the closed chest. In the 
opened chest the mean pressure equals only a few millimeters of 
mercury. Probably the pressure in the closed chest differs only a 
trifle from that in the left auricle. Experiments have shown that 
the actual left auricular pressure is usually negative during inspira- 
tion ( — 2 to —50 mm. saline), but, as a rule, becomes positive during 
expiration (-|-6 to -|-38 mm. saline). The effective pressure, i. e., 
the difference between left auricular and intrathoracic is slightly 
greater in inspiration than in expiration, 51.1 mm. saline as com- 
pared with 46.4 mm.). 

Influences Modifying the Pressure and Flow in the Pulmonary 
Vessels. — It is conceivable that the pressures in the pulmonary 
artery may rise when either the heart rate, the systolic discharge 
or the total peripheral resistance increases. It has already been 
pointed out, however, that within normal ranges, the cardiac 
variations cause little change in the systolic and diastolic pressures 
within the pulmonary circuit. This does not signify, however, 
that the volume flow is unaltered, but, on the contrary, the flow from 
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the pulmonary veins decreases, as sliown in Fif>'- 23, when tlic heart 
is slowed hy vagus stinuilation or 1)\' drutrs aetin"' on the vagus 
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Fig. 23. — Erfccl of (icncji.sc in hratl" i;i1i' i'niisri|in'iit 1" ^':lfJ;u.s stimulation on the 
lilood finw fiiKiUi^li llio ])ulninn:i)\' \-cin. x .*;', rcl:i1i\'e positions of points. 

centre. The output of the heart directly dominates the pressure 
witliiii tlie pulmonary arteries and also the How through the ca])illar- 
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Fig. 24. — Diagrams illustrating the effect of lung inflation on the alveoli and lumen 
of the intrapulmonary vessels. A, collapsed lung; B, moileratcly inflated lung causing 
larger lumen by radial traction; C, niaiked intiatioii cau.sini; compression by virtue 
of polygonal shape of alveoli. (After Cloettn.) 

ies and ^'eins. ^Yhene\•er the output of the right heart increases, 
whether due to a diflcrcnt \ ciious pressure or to au inherent inhuence 
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modifying the contraction of the heart, the pressures increase in the 
pulmonary artery and the flow augments. This increase in pressure 
and flow also extends to the pulmonary veins even when the heart 
rate is somewhat slowed and the lung vessels tend to actively 
constrict as they do after adrenalin. It appears that a change in the 
total peripheral resistance is practically without influence on the 
pulmonary circuit when the change opposes the cardiac output in its 
effect. When, however, rate and output are constant, then the 
total peripheral resistance may modify the flow through the lungs; 
an increase in resistance, raising both systolic and diastolic arterial 
pressures and reducing the volume flow. 

By the total pulmonary resistance we mean the sum of all the 
resistances that impede the flow through the lungs. It is governed 
{a) by the degree of lung expansion, (6) by the effect of negative 
pressure on the extrapulmonary vessels, (c) by vasomotor variations 
and (d) by an altered vis a fronte caused by impaired action of the 
left heart. We may take these factors up separately. It has 
recently been pointed out (Cloetta) that as the lung expands two 
opposing factors act upon the intrapulmonic vessels. When first 
the alveoli expand, they tend to exert a radical traction upon the 
small vessels and capillaries and so enlarge them, but as the enlarge- 
ment proceeds and the alveoli acquire a polygonal shape, t\\.e\ tend 
to compress the intrapulmonic vessels (Fig. 24). Furthermore, 
as the lungs enlarge, they necessarily cause a linear extension of 
the bloodvessels and thereby further reduce their caliber. From 
this it appears that a moderate distention of the lungs causes a 
diminished resistance, but an extreme distention an augmented 
resistance. 

It can readily be shown that the capacity of the large extra- 
pulmonary vessels may increase when the surrounding pressure 
becomes more negati\'e. This influence is exerted more upon the 
large pulmonary veins than upon the arteries (de Jager). It is 
probable that the mechanical \'ariations of resistance of the intra- 
pulmonary as well as the extrapulmonary vessels, play an impor- 
tant role in creating the respiratory variations in pressure in the 
pulmonary circuit. 

Some doubt has long existed whether or not the lung vessels 
possess vasomotor fibers. The direct e\idence that seems to favor 
their existence is as follows: (1) The histological demonstration 
of nerve fibers and plexuses surrounding these vessels (Retzius, 
Berkley, Karsner); (2) the demonstration by perfusion experiments 
that adrenalin constricts the lung arterioles (Plumier, Wiggers). 
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CHAPTER VII. 

THE RESPIRATORY VARIATIONS OF ARTERIAL 
PRESSURE. 

The observation that blood-pressure undergoes periodic varia- 
tions with inspiration and expiration dates from the experiment of 
Stephen Hales in 1733. The relations of the pressure changes 
to inspiration and expiration, as well as their causes, though fre- 
quently reinvestigated, still remain a subject for research and 
discussion. In the following table have been gathered, after the 
clever manner suggested by Lewis, the findings of various observers 
on different animals. 



Respiratory Variations in the 


Dog. 


Respiratory Variations 


IN THE Rabbit. 


Year. 




Investigator. Insp. 


Exp. 


Year. 


Investigator. 


Insp. 


Exp. 


1860 




Einbrodt. + 

- + 


+ - 


1882 


Fredericq. 


— 


+ 


1881 




de Jager. — (- 


+ - 

+ 


1882 


Moreau 

and 
Lecrenier 




+ 


lg82 




Fredericq. — h 


+ - 

+ 


1883 


Legros and 
Griff^ 


— 


+ 


1908 




Lewis — 


-1- 


1886 


de Jager 


— 


+ 






- + 


+ - 






- + 
+ - 


+ - 
- + 






-1- 


— 










1910- 


12 


Wiggers. — 

- + 


+ 
+ - 











Respiratory Variations in Man. 



Year. 


Author. 


Insp. 


Exp. 


Metho 


d. 




1855 


Vierordt 


- 


+ 


Sphygmograph. 






1865 


Wolff 


- 


-1- 


" 






1872 


Landois 


- 


+ 


" 






1876 


Riegel 


- 


+ 


(( 






1877 


Sommerbrodt 


- 


+ 


" 






1877 


Klemensiwicz 


+ 
- + 


+ - 


Sphygmograph 
tory tracing. 


and 


respira- 


1881 


Marey 


+ 


+ 


Sphygmograph 
tory tracing. 


and 


respira- 


1881 


Schweinburg 


+ 


-1- 


Sphygmograph 
tory tracing. 


and 


respira^ 
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Insp. 



Year. 


Author. 


1883 


Le Gros and 




Griff6 


1889 


Wertheiner 




and Meyer 


1895 


Mosso 


1902 


Mackenzie 



NS IN 


Man. (Continued.) 


Exp. 


Method. 


+ 


Sphygmograph and respira- 




tory tracing. 


+ 


Sphygmograph and respira- 




tory tracing. 


- 


Sphygmomanometer. 


+ 


Sphygmograph. 


+ 


Suspended sphygmograph. 


+ - 




- + 




+ 


Uskoff sphygmomanometer. 


+ 


Erlanger sphygmomanometer. 



-I- 



1908 Lewis - 

+ 

- + 

+ - 
1910 Groedel 

1912 Erlanger and — 
Festerling 

1914 Wiggers 

Systolic +-\- Erlanger sphygmomanometer 

Diastolic — h H — and optical registration. 

It is evident from this tabulation that there is no great uniformity 
of opinion as to the nature of the respiratory variations of pressure 
in different or even in the same species of animal. As Lewis has 
pointed out, current text-books unjustifiably present the results 
obtained by Einbrodt in the dog and Klemensiewicz in man. The 
great discrepancy is probably traceable to several factors: (1) 
that the mercury manometer does not always follow the changes in 
trend of pressure promptly, thus increasing some oscillations by 
resonance and making others smaller by interference of waves, 
(2) that these variations are due to different causes in different 
animals and man. 

Many investigators, observing that variations in the cardiac 
cycle occur from beat to beat, have attributed the changes exclu- 
sively to this factor, while others have assigned the chief effect to 
the mechanical influence of the phases of respiration. It is more 
probable that both play a part. Fredericq was probably the first 
to describe clearly the relative importance of each of these two 
factors. 

He pointed out that variations in blood-pressure occurred in 
the dog during inspiration and expiration whether the heart was 
rhythmic or arrhythmic, with this difference: iri the former case, 
the blood-pressure fell during inspiration, while in the latter it 
rose. 

He also pointed out that in animals in which no cardiac 
variations occur (rabbit) the pressure always falls during inspi- 
ration. 

He therefore concluded that the mechanical influence of respi- 
ration tends to reduce arterial pressure during inspiration, but that 
in the dog these changes are often overbalanced by an inspiratory 
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acceleration of the heart. Inasmuch as he observed a similar 
variation of rhythm in his own pulse, he believed that cardiac 
rhythm determined the direction of human blood-pressure. This 
seems to be essentially correct. In the rabbit, observers generally 
report a simple fall during inspiration and a rise during expiration. 
In a total of 97 experiments on dogs analyzed with reference to this 
point, the writer has found that, without exception, both systolic 
and diastolic pressures fall during inspiration and rise during 
expiration^ as long as the successive heart cycles are of equal 
length. 

Since these variations disappear promptly during temporary apnea 
and reappear during the first respiratory movement, it seems safe 
to assert that they are caused by the mechanical influence of 
respiration. When marked variations in cardiac rhythm are 
present, however, so that the heart accelerates during inspiration, 
then the mean pressure rises during this phase and falls during 
expiration. In such cases the change in heart rate overbalances 
the contrary effect on arterial pressure and dominates the mean 
pressure curve. This may be a complete or partial domination, 
as shown in the following scheme: 

Mean pressure. 
Insp. Exp. 

Mechanical effect alone . . — + 

Cardiac effect alone ... + — 

Combined effect (marked cardiac change) . . + — 

Combined effect (slight cardiac effect) — h H — 

This, however, only imperfectly relates the pressure effects due 
to the heart rhythm variations, as the inference might be drawn 
that both systolic and diastolic pressures follow the directional 
change of mean pressure, which is not the case. A shortening 
of a cycle as shown in Fig. 16 increases the diastolic and decreases 
the systolic pressure of the beat following. A lengthening of a 
cycle causes an elevation in the systolic pressure and a fall in the 
diastolic pressure of the next beat. 

It seems, however, that when the mechanical effect of inspiration 
dominates the pressure, both systolic and diastolic pressures fall 
(Fig. 16), whereas, if the acceleration of the heart is predominant 
during inspiration, the diastolic pressure rises and the systolic 
falls. 

The results of most investigators seem to support the idea that 
in man a simple fall of pressure occurs in inspiration. This, together 
with the observations that, in a large series of healthy individuals 
the rhythmic variations of heart rate are not very great indicate 

1 In these experiments the pressures were recorded in part with Hilrthle membrane 
or spring manometers and partly by optically recording manometers. 

7 
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Fig. 25. — Composite figure, showing temporal relations of events in the cardiac 
cycle, based on most recent work. 
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that the arterial pressure is largely influenced by the mechanical 
action of respiration and but little by the variation in heart rate. 
As different polyphasic relations have often been obtained, however, 
it is necessary to assume that in man, too, the variations in rate 
may distiu-b the rhythm established by the mechanical influence of 
respiration. No attempt to separate these influences can be made 
unless we are capable of obtaining evidence of the variations of 
systolic and diastolic pressures in consecutive beats. Such quali- 
tative variations, the writer believes, can be secured by the method 
proposed by Erlanger and Festerling. Applying this, the writer 
has found that variations in cardiac rate play some part in deter- 
mining variations of systolic and diastolic pressure in man. In 
the minority of cases, they are the dominant influence, the majority 
showing that the mechanical effect of respiration controls the 
inspiratory fall of systolic and diastolic pressures. There is, in 
short, no standard type of respiratory variation in man. The cases 
range from those in which respiration governs the change of press- 
ures entirely, through those in which more or less complicated 
mixtures of heart rate and respiratory influences intermingle, to 
those in which extreme cardiac variations alone determine the 
pressure changes. 

The reason that a temporary shortening of the cardiac 
cycle causes a fall of systolic and a rise of diastolic pressure is 
readily found, for, while the output is decreased in systole the 
time of peripheral outflow from the arteries is decreased most 
in diastole. 

Why inspiration should cause a fall of both systolic and diastolic 
pressures when the heart rate is constant is not entirely clear. 
Only two possibilities exist : (1) that the decreased negative pressure 
within the thorax lowers the pressures within the large intrathoracic 
arteries and (2) that the output of the left ventricle is decreased. 
Since no absolute proof is available as to which of these two factors 
is concerned a few probabilities may be weighed. If the output per 
beat is lessened such a change occurs in spite of the fact that the 
effective pressure in the left auricle is slightly increased (Wiggers). 
It can then only be attributed to the restraining effect of a negative 
pressure on the contraction of the ventricle. This seems scarcely 
probable since the pressure curves of the right heart give no evidence 
of a decreased output during this respiratory phase (Wiggers), 
and the volume curves of the ventricles are not influenced by slight 
changes of pressure around them. With the evidence before us, 
it seems that the fall of pressure during inspiration is probably 
produced in a very simple fashion, namely, by an influence of 
the greater negative intrathoracic pressure on the intrathoracic 
arteries. 
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Such an effect is physically possible, the old idea that the thick- 
walled vessels are not susceptible to pressure changes having been 
shown erroneous by the fact that, if the aorta is tied above and 
below, slight variations of pressure within the closed chest are 
transmitted to the lumen of the artery. 
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SECTION II. 



CHAPTER VIII. 
THE ARTERIAL PULSE. 

Definition. — The pulse in any part of the arterial system may be 
defined, as the intra-arterial pressure variations during systole and 
diastole, transmitted to the elastic walls, and producing in them 
an expansion and elongation. 

When blood is suddenly thrown into the aorta during systole, 
it is accommodated, partly by moving the entire arterial column 
onward at a greater velocity, but largely by distending the arterial 
wall under the pressure generated by the ventricle. As this increase 
in pressure is transmitted toward the periphery, the arterial disten- 
tion is also communicated from one segment of an artery to the 
next peripheral segment in the form of a wave, the velocity of 
which is entirely independent of the velocity of the blood flow. 
This is evident from the fact that the pulse wa\-e is transmitted 
peripherally at a velocity of from six to ten meters per second, 
while the average velocity of the blood flow is probably about three- 
tenths of a meter per second. The relation of the pulse wa\'e 
and the blood flow may be compared to an impact transmitted 
through a train of cars in motion; the rate at which the impact 
travels is entirely independent of the speed of the train and may, 
in fact, occur in an opposite direction. 

The Conversion of the Central to the Peripheral Pulse. — ^As the 
variations of pressure in the aorta and central arteries follow each 
other rapidly and require manometers of high vibration frequency 
to record them, so also the oscillations of the walls of the central 
arteries are complicated and difficult to record. In fact, it is only 
since the introduction of the "segment capsule" by Frank that it 
has been possible to record the details of these pressure variations. 
This useful recording device is shown in the lower right hand 
part of Fig. 26. It consists of a capsule, S, covered by a rubber 
membrane. The edge over which the rubber is stretched is not 
circular but has one straight side, representing a chord of the circle. 
Upon the rubber is fastened a small trapezoidal plate which moves 
upon the chord side of the capsule and on this, in turn, is cemented 
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a tiny mirror, R, so that its diameter also pi^'ots upon tlie cliord 
side of the capsule. The entire capsule is held in a mount, T, 
resembling a miniature cannon carriage which permits a lateral 
adjustment by the screw, V, and a vertical adjustment by the 
screw, W. 

That these capsules may be rendered available for bedside 
service in the hospital, they have been mounted, together with a 
Nernst projection iami) and a pliotokyniograi)h, on a heavy oak 
table (Fig. 27) which can be wheeled around the ward and supported 
on felt strips while the records are taken. The capsules are jjlaced 
on an U])right support in the same \'ertica] ])hinc as the slit of the 




Fig. 2ti, — Phntograijh slmwiiit^ tile uiountiii!^ of Fl'ank's 
pliotokj'niograph and Neniwt projector for hospital use. 
lower right hand corner shows details of segment capsules. 



segment capsules with 
Small photograph in 



photokymograph. U])on the mirrors of these three capsules 
(F, G, II) a band of light supplied by the filament of the Nernst 
lamp (E) is focused by three lenses (A, B, C) and reflected to the 
lens of the photokymograph (A'). The bromide paper within the 
kymograph is moved by a quietly running Eck motor (L), the 
speed of which is controlled by a rheostat (J/). 

The records thus obtained from the large central arteries, such 
as the subclavian, show all the essential details already described 
as characteristic for the aortic pressure curve (pp. ,52, 54, Figs. 8 
and 9). The " renlral piilne," as the pulse in the large arteries near 
the heart is called, shows (Fig. 27) hrst two preliminary \-il)rations; 
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one due to auricular systole (a-b), the other, to the isometric rise 
of tension in the ventricle (fi-c). These are followed by a sharp 
primary oscillation, (c, d, e) 0.013 to 0.02 in duration and beginning 
at the ejection of blood into the aorta. It is due to the fact that in 
consequence of the sudden ejection the arterial column has been set 
in vibration. After this vibration, the arterial curve follows the 
intra-ventricular pressure for now ventricles and arteries are a 
common cavity. First, the pressure rises (e, /), thereafter reaches 
a more or less definite summit and then falls gradually during 
the rest of systole if,g). At the beginning of the ventricular 
relaxation (diastole), there is a rapid backward movement of the 
blood toward the heart causing the pressure to fall suddenly, thus 
creating the "incisura" of the central pulse (g, h). Several after 
vibrations of the valves and blood column (k), recognized over the 
chest as heart sounds, follow. The pressure then falls smoothly 
except for a few slight oscillations due, no doubt, to reflections from 
the peripheral bifurcations of arteries (Frank) . 

These complicated series of pressure variations present in the 
aorta and large arteries are modified in their peripheral transmission 
by friction and interference with reflected waves (Frank). Or, one 
may state the case differently by saying that the vascular system 
represents a manometer system the ability of which to transmit 
the pressure variations in the central arteries faithfully to the 
periphery becomes less and less as the length of the column increases 
(Weber). 

The changes actually noted as we pass step by step to the per- 
ipheral vessels are: (1), The preliminary and primary oscillations 
are damped and obliterated, the sharpness of the incisura is reduced 
and finally replaced by a rounded dicrotic dip and elevation; (2) the 
upstroke is delayed and becomes more gradual, the tops are more 
rounded and the amplitude smaller until in the smallest arteries 
and capillaries the pulse is entirely obliterated. The changes 
occurring in the pulse in its transmission from the subclavian 
to the radial artery are well shown in Fig. 27. 

The part that reflected waves play in the production of the 
dicrotic notch and wave in the peripheral pulse has been much 
discussed, and while it is still open for debate, we are much nearer 
a solution as a result of recent investigations. To consider the 
question clearly, it should be recalled that whenever the fluid 
in any branching system is set in motion, reflected waves are sent 
back from the periphery. That such reflections are probably 
present in the arterial system can "a fortiori" be inferred from the 
fact that the presence of the blood corpuscles favors such a reflec- 
tion. Without entering into the contradictory evidence of the 
past (for which see Tigerstedt), it may be said that it has been 
firmly established that reflected waves cannot primarily be respon- 
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sible for the dicrotic iiotcli and wave, for in o])tical records of the 
aortic ijressiire, the incisura goes hand in hand with valve closure 
and when reflected waves appear at all they (jccnr much later in 
diastole. It would seem, therefore, that the dicrotic notch and wave 
are the representatives of the incisura and aftcr-vihration in the 
peripheral pulse. 

Frank, howe\'er, finds difficulty in interpreting the dicrotic wave 
as merely the incisura and after-vibration modified in transmission, 
for the dicrotic wave becomes larger toward the perijjhery and all 
other wa\-es submitted to the same frictional influence, become 
smaller. He, therefore, lielieves that its :unplitude is augmented 




I'^IG. Ii7. — Tlanii!^ sluiwiii^ tlH'dlfl 
radial (porit)hrra!) pulso in niaii. 



Tlv 



siilK-laviaii (central) and 
f the radial iw wc'll .shown. 



by a resonance eft'ect with other \il)r,itions rcflectcil From the 
periphery. 

Out of this discussion grow two \'ery important iiriictlctil facts: 
(1) We must distinguish between the central pvhc, as it is recorded 
from the subclavian or the lower carotid arteries, and the [wriphcral 
piilsr as it is recorded from the radial artery; (2) on account of the 
])oor transmitting ability of the arterial system, the jjeriphrral 
piiJ.-ic n'prodiicc.t (Dili/ niiirciinitrli/ the pre.^.'iure change.'^ i'.^t(ihli.\-hr(l 
ill the aorta and coii.seqiieiifli/ if niai/ he aiifieipateil thai its' diaijiio.'ttic 
mine is correapundingly legs. The study oi the carotid and sub- 
clavian pulses should, on the other hand, receive greater attention 
than has hitherto been iiccorded it. 
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METHODS OF RECORDING THE PULSE. 

Tlie methods ilux'ised for registering the pid^e in varicms regions 
may he reviewed according to the jjrinciples upon which they are 
huilt. 

Wrist Sphygmographs. — A sphygmograph is an instrument in 
which a button is ])ressed on the sls;in over an artery hy a spring, 
the m(>\-ements of which arc communicated by a lever system to 
moving ]japer. It is api)arent tliat in principle the splig>'mograpii 
is a tension recording de\'ice and comparable to a membrane 
manometer, the elastic arterial wall corresponding to the membrane. 

Patterns of Wrist Sphygmographs. — The first sphygmograph 
utilizing a spring was that de\'ised liy Marey (lN.")7-h'sn(l). In 




Fig. 28. — Perspective view of Frank-Potter's sphygmograph. 



this instnniient the mo\'ements communicated to the spring are 
recorded by a sim])le le\'er. "\'on Frey subsequently improx'ed 
ii|ioii this t\ pe of sphygmograpli by a better constnirtiou of the 
lexer. It remained for I)udgeon to enliance the compactness of 
the instrunient, as well a^ its sensiti\eiiess by supplanting the simple 
w ith a compound le\'er which writes without an arc on a horiz(.intal 
surface. The subsequent instnmicnt of .lacquct based on the same 
principle was a practical aiK'ancc in the sense that the instrument 
is more (irndy siipp(]rte(l on the wrist and has ,i x'ery good time 
marker. 

The flat sj^ring remained in use until Frank anfl Fetter (l'.M)S) 
devised their sphygmogniph (Fig. 2Sj. In this ajjparatus the button 
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(p) is pressed upon the artery by a spiral spring (o) which is applied 
near the axis of the lever (J). The tension of the spring and hence 
the pressure of the button can be regulated by the screw {h). The 
movement of the button is transmitted to a double lever (6 c). 
The arm b pivots on needle points, but the arm c, which is held in 
fixed conical bearings, is equipped with a spiral spring under slight 
tension so directed that it pulls the lever forward as soon as the 
. button moves up. The paper moves on a plate curved to counteract 
the arcs written by lever c. 

In 1910, Jacquet entirely rebuilt his sphygmograph utilizing all 
the essential ideas of the Frank-Petter apparatus except that the 
old lever system in fixed bearings and the straight paper lead were 
retained. In describing tracings it is therefore desirable to designate 
whether they were taken with the old or the new form of Jacquet 
sphygmograph so that their value may be correctly estimated. 

Critique of Wrist Sphygmographs. — Since the sphygmograph is 

based upon the same principle as the spring manometer, it is possible 

to analyze its efiiciency upon the same basis. The ability with 

which it accurately follows the pressure variations is determined 

by its inherent vibration period (T) or its frequency {N=l/T) 

and by its damping which may be estimated from the logarithmic 

decrement of the vibrations. The periodicity is determined by the 

I M' . . , 
formula r=2n-^/ . in which ikf' equals the calculated effective 

mass E', the elasticity coefficient of the spring and e, that of the 
tissues and artery. The efficiency of an apparatus depends not 
only upon its inherent vibration rate, however, but also upon the 
magnitude with which the pressure changes are reproduced. Frank 
has therefore expressed the efficiency by the formula G = sN'^ where 
s represents the sensitiveness of the writing point and N. the vibra- 
tion frequency. 

By applying the theoretical formulae evolved. Fetter was able to 
determine the relative value of the different instruments. The 
figures shown in the following table, extracted from a more complete 
compilation by Fetter, show that in none of the sphygmographs 
constructed upon experimental principles does the vibration rate 
reach the required level of thirty-two per minute (Frank). It is 
further of interest to note that, with the exception of von Frey's, 
each successive model of the sphygmograph following Marey's, 
in becoming more convenient for practical use, has decreased in 
efficiency. The apparatus of Frank and Fetter alone seems to have 
the required vibration frequency. Its efficiency, as compared 
with the Jacquet (old form), is as 3000 : 150. These facts are 
indicated in the following table: 
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Damping 






Efficiency, 


Vibration. 


constant. 


Magnification 


Apparatus. 


mG = 10-'. 


N. 


K in 10=. 


of lever. 


Marey (first model) 


300 


13.0 


6-20 


50 


von Frey 


360 


11.0 


9-35 


90 


Dudgeon . 


150 


9.2 


4-20 


50 


Jacquet (old) 


150 


7.0 


35-100 


100-140 


Frank-Petter 


. 3000 


32.0 


.5-3 


50 



The records obtained with all instruments except the Frank- 
Petter model therefore require correction. The distortion produced 
by different instruments was also investigated by Fetter through 
the use of artificial pulses of known form. Thus, the curves recorded 
by the Dudgeon (Fig. 29, A) and the curve of known form rose 
almost simultaneously from the base line and returned practically 
together. For time determinations the Dudgeon would therefore 
be sufficiently exact were it equipped with a time recorder. Neither 
the height nor the contour, however, are correctly reproduced. 




Fig. 29. — Experimental tests of the efficiency of sphygmographs. A, Dudgeon record; 
B, Jacquet records compared with true curves (broken line). (After Petter.) 

The dicrotic notch appears relatively too low and the elevation 
begins too late. . This is due to the fact that its vibration period 
is low and its damping very slight. (See Table.) It is evident 
that the Dudgeon apparatus is not reliable in giving the correct 
shape of the radial pulse. 

The records obtained with Jacquet's apparatus (old model) 
are even worse (Fig. 29, B). No true pulse curves are recorded. 
The rise and retvirn to the base line are delayed, the rise is steeper 
and exceeds the true height. The dicrotic wave is not recorded 
at all, but is replaced by a series of after-vibrations, which have 
deceived investigators since the instrumental period happens to 
correspond closely to that of the dicrotic wave. 

In testing the Frank-Petter apparatus, the curves were found to 
differ only in that a few inherent vibrations were present in the 
upstroke. 
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There is, however, a simpler and more practical way of testing 
the efficiency of an instrument which every user of an apparatus 
can readily apply. This procedure, the introduction of which we 
owe to von Frey, consists in recording pulse tracings with different 
pressures of the button. If the apparatus reproduces the pulse 
curve accurately, only the amplitude and not the shape of the curve 
should alter, whereas, if this is not the case, the curve will have a 
different form with every pressure. The latter, it is almost univer- 
sally recognized, is the case with the instruments in common use. 
The writer has applied von Frey's criterion to the new form of 
Jacquet. In the case of this instrument it is found that the degree 
of pressure determines the character of the pulse form. This, in 
agreement with the findings of Veil and Noltenius indicates that 
by incorporating the old form of fixed axis bearings and a different 
style of lever, the efficiency of the instrument still remains low. 

Technic of Taking Sphygmograms. — Owing to the fact that pulse 
curves of different form, as well as amplitude, have been obtained 
by different pressures of inadequate sphygmographs, it has fre- 
quently been debated at what pressure the most correct curves are 
obtained. From what has preceded it is evident that the shape 
and contour of curves recorded with an accurate instrument do 
not change with varying pressure. Ohm has succeeded in recording 
true curves without any pressure by cementing a small mirror over 
the radial artery. Those forms of sphygmographs, the vibration 
frequencies of which are too low, do not correctly reproduce the 
oscillations under any pressure. Therefore, the only question of 
interest is, at what pressure are the records most nearly correct in 
contour? It is generally believed that the button applied to the 
artery follows the pressure variations best when the intra- and 
extra-arterial pressures approximate each other. It is during such 
pressure relations that the largest oscillations occur, hence it is 
generally assumed that the greatest amplitude of oscillation is 
accompanied by the curve of most correct form. This, however, 
is fallacious since, as the excursions become larger, the incidence 
of lever throw and inherent oscillations become greater and the 
deviation from the correct curve, more pronounced. This is clearly 
shown in the two tracings of Fig. 29, B, in the upper curve of which 
the amplitude of the original record was 15 mm. and that of the 
lower 4 mm. The truer form is given when the records are of smaller 
amplitude. Taking curves of larger amplitude is therefore not to 
be encouraged with instruments of low vibration frequency. 

The question as to the proper tension of the sphygmograph 
band has also come up for discussion among investigators. Thus, 
Hirschman pointed out the danger from venous stasis if the band 
was too tight. Mackenzie believes that the use of the rigid fixation 
for a sphygmograph is entirely wrong in principle and has used 
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instead an elastic band. Lewis has sought to obviate the defect 
of the ordinary sphygmograph by substituting for it a suspended 
sphygmograph. The reason for selecting such a fixation lies in 
the fear that the varying filling of the venae comites may affect the 
pulse curve (Hirschman, Hill, and others). It is questionable in 
view of the work of Frank and Fetter, whether the variation in 
the venous volume plays any role in determining the form of the 
curve. However this may be in the rigid fixation, the elastic 
fixation or suspended application has the decided drawback that 
the body of the apparatus itself may be set in motion and add to 
the extraneous oscillations. It is, in fact, theoretically desirable, 
as Fetter emphasizes, to adjust the apparatus so that the body is 
absolutely rigid as compared to the artery beneath. According to 
Fetter, even the elasticity of the ordinary bands of some forms of 
sphygmographs adds materially to their inaccuracy. 

Transmission Sphymographs. — In the transmission sphymograph 
(Fig. 30) the movement of a spring and button similar to those of 
the direct sphygmograph is communicated to a larger tambour 
covered with rubber and the compression of the air thus produced 
is communicated to a second tambour patterned more or less after 
the well-known form of Marey. Marey, Grumach, Knoll, Edgren 
and Mackenzie have employed apparatus of this kind. The 
practical advantage consists in the fact that the pulsations can 
be recorded simultaneously with other pulsations and that it is 
adapted to determine the velocity of the pulse waves. 

No scientific critique of these forms of apparatus has been 
evolved. It may be said, however, that with the best possible 
construction the efficiency of the transmission apparatus is less than 
that of the apparatus with direct lever transmission. The inertia 
of the recording tambours is the chief drawback. In the Mackenzie 
polygraph, the lever of which is armed with an ink pen, the tambour 
and lever have a vibration frequency of 4.5 per second. In the 
tambour supplied with the portable polygraph of Zimmerman, 
the inherent frequency was found to be 5.8 per second. In the 
Jacquet polygraph the vibration frequency is 6.5 per second. 
(Fersonal Tests.) 

Optical Transmission Sphygmographs. — To improve the efficiency 
of this form of sphygmograph, Frank substituted a segment capsule 
(see page 101) for the recording mechanism. With this is connected 
a piece of soft rubber tubing tied on one end and fastened over the 
artery by a pressure clamp. By this apparatus the nature of the 
pulsation is reproduced in trustworthy fashion. 

The writer has found the sphygmograph shown in Fig. 30 very 
satisfactory. A small button A, attached to an L-shaped lever, is 
pressed upon the radial by an adjustible, spiral spring B. The 
lever works in free axes, being held by the spring very much as 
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in the Frank-Pettcr spli>'gni(igTaph. As the button rises, the 
ni()\'emeiits are transmitted to a capsule C, covered witii \cry 
hf,dit rulihcr and communicating with a segment capsule /-*. It 
has the advantage over the method proposed by Frank that the 
pulsation is obtained from a single spot and that definite tension 
can be eni])loyed. 

This list by no means includes all the tension (k'vices described 
for recording the radial pulse. Their number is legion. The 
attempt has here been made to present only those instruments 
which are in common use or the em])loynient of which is likely 
to be considered in ]jractical work. At the end is given a jjartial 




Radial Traiismissioii-sphygniOKiaph and Fraiik'.-j scgiinjiit capsule. 



list of references dealing with some of the rarer forms of pulse 
instruments not considered in this \'olume. 

Volumetric Pulse Registration. — In contrast to the methods 
which register the pressure \'ariations in the artery are those which 
measure the \'olumc changes of the arterial wall during systole and 
diastole. Theoretically, such apparatus should be so adapted that 
its application causes no changes in the oscillations. 

Cup-Tambour Method. — When an open cup, or better, one loosely 
covered with thin rubber dam is firmly pressed to the skin over an 
artery as the carotid or subclavian and connected to a recording 
tambour, a pulse wave is obtained which represents the expansion 
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of the artery below. This method is commonly employed in 
polygraphia work. In determining the transmission time of the 
pulse it is often combined with the radial transmission sphygmo- 
graph. It is applicable to the subclavian, carotid, and temporal 
arteries. Since the accuracy of the method depends largely upon 
the recording tambour, and since the vibration period of the ordinary 
tambour is inadequate to record central pulse details, a segment 
capsule has been substituted for the tambour by various workers. 
By this apparatus, Frank, Frieberger, Veil and the writer have 
obtained pulsations from the subclavian which reduplicate all the 
details obtained from the aorta by optical manometers, thus 
establishing experimentally the efficiency of the apparatus (Fig. 
27). In obtaining these pulses it is necessary in order to avoid 
complication with venous tracings to exert some pressure so that 
venous blood may not enter or leave the space covered by the 
receiver. 

Finger Plethysmograph. — If a finger is inserted through a properly 
fitting rubber cuff into a small glass tube, and this in turn is con- 
nected to a delicate tambour, piston recorder or preferably an 
optically recording capsule, a curve of the peripheral pulse may be 
readily obtained, the contour of which gives evidence that a correct 
registration has taken place. 

Sphygmoscopic iPuIse Tracings. — ^The sphygmoscope is a device 
in which a high oscillatory pressure is prevented from acting upon a 
delicate membrane by interposing a heavy membrane or ball, 
enclosing this in a chamber and allowing its pulsations to be trans- 
mitted to the recording tambour. The arm-bag, rubber ball, and 
tambour of the Erlanger and Uskoff apparatus (see page 200) 
represent such a sphygmoscope system. 

Sphygmomanometer Pulse Tracings. — Tracings are frequently 
taken, especially in polygraph work, from the brachial artery by 
applying a cuff of an Erlanger sphygmomanometer or an Uskoff 
sphygmotonograph, inflating it by a variable pressure and recording 
the pulse so obtained. The shape of the curve varies with the 
external pressures and consequently cannot be considered to be 
accurate at any pressure {cf. Fig. 58). The principle of construction 
of both of these apparatuses is opposed to their yielding at any 
pressure an accurate picture of the pulse form. In the first place, 
the periods of the recording tambours are entirely inadequate. 
This is not the only drawback, however, as has been shown to the 
writer by substituting a segment capsule for the recording mechan- 
ism. The method cannot therefore be used for determining the 
contour of pulse tracings, but may be of value in roughly establishing 
the time relations. 
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COMPARATIVE VALUE OF PALPATION AND SPHYGMOGRAPHIC 
STUDY OF THE PULSE. 

The relative value for the physician of recording or palpating 
the pulse has been frequently discussed, to the disadvantage, it 
must be said, of the recording method. For palpation the radial 
artery is usually selected. In favor of palpation may be brought 
forward the advantages: (1) that it is simple in execution as com- 
pared with the employment • of pulse tracing machines; (2) that it 
allows an estimate of the character of the arterial wall;^ (3) that it 
permits as true an estimate of the amplitude as the sphygmograph 
which has no quantitative value but is governed entirely by the 
adjustment of the instrument; (4) that it allows a truer determina- 
tion of a collapsing pulse than the sphygmograph, which often 
indicates the presence of one where none exists, or, vice versa, 
shows the presence of a normal pulse when a collapsing pulse is 
present. In favor of the sphygmographic tracings it has been 
argued: (1) that they are indispensable in establishing accurately 
the variations in successive cardiac cycles, which it is necessary 
to know in order to recognize the nature of irregularities, and (2) 
that they show detailed changes of the ascending limb, top and 
dicrotic wave which are associated with characteristic disturbances. 
Among these may be mentioned the anacrotic pulse in stenosis, the 
sustained top in high tension, etc. On the whole, however, the 
use of the sphygmograph, except for time determinations, has not 
been considered of great value either by clinicians or physiologists. 
Cabot speaks of the apparatus as "an interesting little toy," 
Mackenzie states that it was expected to give information of a kind 
that it was incapable of supplying, von Frey regarded the practice, 
as commonly carried out, as "an interesting pastime," while 
Tigerstedt in 1893 stated that the diagnostic utilization could not 
be definitely determined." Mackenzie and likewise Lewis have used 
it to establish temporal relations. 

It is evident that this common sentiment against the employment 
of the sphygmograph, aside from determining time relations by its 
aid, has grown out of the recognized inaccuracy of the apparatus. 
It is therefore to the greater credit of Frank and Fetter that they 
have evolved a theoretical critique of the apparatus, in which the 
principles determining accuracy were defined, the shortcomings of 
the old form revealed and the path for the construction of better 
forms suggested. This resulted in introducing several forms of 
apparatus for recording pulse tracings accurately. This contribu- 

1 The fallacy of this assumption is again well illustrated by the recent report of 
Lande who found no histological grounds for many diagnoses of thickened arteries 
made previous to death by no less a diagnostician than Romberg. 
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tion, as yet relatively unknown, among clinical men, may be 
considered one of the greatest offerings from a laboratory man to 
the clinician in the last ten years. 

In consideration of these improved forms of apparatus, it becomes 
necessary to reconsider our pessimistic ideas concerning the value 
of graphic pulse tracings. 



CLINICAL SIGNIFICANCE OF RADIAL PULSE TRACINGS. 

We may now analyze the ways in which the radial pulse curves 
are of value in determining the condition of the heart and circulation 
and how their study may, in turn, aid in the art of palpation. For 
practical purposes we may divide the results into two classes: (1) 
those dealing with time relations of the pulse and (2) those dealing 
with its conformation. 

Temporal Relations of the Pulse. — Hate. — One of the important 
points to be determined about the pulse is its rate. In doing this 
the graphic record has only the advantage that very small pulses 
which are not palpable may be recorded. This is because the 
sensation transmitted to the finger is determined largely by the 
suddenness of the impact, consequently, the smaller waves which 
are much more rounded and gradual in their rise make no impression 
on the tactile sense. 

The pulse rate usually corresponds to the heart rate. Frequently, 
however, a deficit in the pulse beats exists. This occurs when the 
ventricles give contractions too feeble to open the semilunar valves 
or when the pulse wave is so weak that it does not reach the wrist 
{cf. Fig. 86). Such a pulse deficit, as the condition is termed, may 
be suspected when the pulse beats are irregular in size or uneven 
in rhythm and when the pulse count is low. The exact deficit may 
usually be determined by comparison with the apex beats when 
palpable, or by auscultation for the heart sounds. In this case 
it should be borne in mind that only a single sound occurs in cases 
of weak systoles unaccompanied by the opening of the semilunar 
valves; whereas two sounds are audible when the pulse deficit is 
due to an impaired transmission. A source of error readily occurs 
in interpreting the first sound of a feeble contraction occurring 
early in the diastole of the preceding beat as a reduplicated sound. 

Since the pulse rate, with these exceptions, corresponds to the 
rate of cardiac contraction, it can give information as to the con- 
dition of the latter. To recognize clearly the nature of the informa- 
tion given, it is necessary to bear in mind that the bulk of evidence 
indicates that the beat of the heart originates within the sinus 
node, is transmitted thence by the His-Tawara system to the 
ventricles and causes their excitation. The rapidity with which 
8 
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impulses are initiated, however, and the speed with which they are 
conducted are modified by the central nervous system through two 
types of antagonistic fibers, the inhibitory and the accelerator 
fibers. The former pass in the vagus trunk and tend to slow the 
rate, the latter run in the sympathetic chain and lend an accelerating 
influence (cf. page 27) . 

It is apparent that the heart rate may be modified as follows: 

(a) Through stimulation or inhibition of the vagus system. 

Qj) Through stimulation or inhibition of the accelerator system. 

(c) Through inherent change in the rhythm production or impulse 
propagation in the heart itself. 

Causes of Rate Variations. — In any text-book of diagnosis are 
to be found tabulations more or less complete, of conditions and 
diseases which are accompanied by abnormal pulse rates. These 
need not be reconsidered here. The reasons for many of these 
disturbances are not as yet proven experimentally but rest largely 
on a theoretical basis. In a few cases experimental relations 
between pulse rate and other factors have been determined and the 
table appended represents some of these in classified form. Slowing 
of the heart may be due to : 

A. Stimulation of the vagus centre, 

1. Directly by 

(a) Mechanical means, as 

Rise of intracranial pressure. 

Intracranial tumor pressure. 

Increased blood supply. 
(6) Toxic effects, as 

Bile. 

Lead, digitalis, adrenalin. 

Products of asphyxia. 

2. Indirectly by 

(a) Influences from higher cerebral areas 

(epilepsy, hysteria). 
(6) Refiexes from the digestive tract {via 

vagus), 
(c) Reflexes from the bloodvessels and heart 

{via depressor). 

B. Stimulation of the vagus nerve. 

Pressure in neck, vagus tumors, vagus 
neuritis. 

C. Alteration in cardiac muscle. 

Toxic myocarditis (diphtheria, etc.). 
Heart block. 

D. Paralysis of the sympathetic (rare). 

Thoracic cord lesions, pressure. 
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Acceleration of the heart occurs: 

A. Stimulation of the sympathetic system (goitre). 

B. Depression of the cardio-inhibitory centre, resulting from: 

(a) Decreased blood supply: 
Anemia. 
Hemorrhage. 
Splanchnic dilatation. 
Intestinal disturbances, baths. 

(b) Drugs, toxins. 

(c) Reflexes: 

Exercise. 

(d) Cerebral influence : 
Emotion. 
Fright. 

C. Depression or paralysis of the peripheral mechanism, e. g., 
atropine. 

D. Stimulation of the heart itself. 

(a) Mechanical means (failing compensation). 
(6) Thermal means (fevers). 

(c) Toxic products (infections, drugs). 

(d) Functional disturbances (tachycardia). 

Pulse Rhythm. — If the time intervals occupied by consecutive 
cycles are approximately equal, as in the normal pulse, where they 
vary only slightly with the phases of respiration, we speak of a 
rhythmic pulse. If they are not equal, however, the pulse is said 
to be arrhythmic. Although other and simpler aids now exist for 
clearly determining the causes of irregular heart action, it is fre- 
quently possible, when a single disturbance exists, to obtain evidence 
of the nature of the irregularity by a careful study of the arterial 
curves alone (Wenckebach). 

Arrhythmias of the heart have been divided on the basis of arterial 
pulse curves into (a) the allorhythmias and (b) the complete arrhyth- 
mias. In the former there is a distinct order or periodicity in the 
recurrence of certain wave groups while in the latter no such order 
exists. 

The following are some of the most common and typical forms 
of irregularities which are illustrated in the curves with correspond- 
ing letter in Fig. 36. The nature and causes of these irregularities 
as well as others of rarer and more complicated character are 
discussed in a later chapter. 

I. Regular Arrhythmias (Allorhjrthmias). — A. Sinus Arrhythmia, 
due to a variation and alternate influence of vagal inhibition and 
excitation of the "pacemaker." They are characterized by a 
progressive increase and decrease in the length of the cardiac 
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cycle. Occasionally the long pauses are so lengthened that we may 
speak of a temporary cardiac stand-still. When the variations 
occur so that acceleration falls approximately during inspiration 
and retardation mainly during expiration, it is spoken of as respira- 
tory irregularity. When the variations occur regularly, or irregularly 
without regard to the respiratory activity, it may be designated as 
phasic sinus arrhythmia. 

B. Premature ventricular contractions or extra-systoles — due to an 
excessive irritability of the ventricle or the presence of abnormal 
stimuli. They are characterized by the presence of a premature 
small wave, x or the absence of a wave, x'. In either case the extra 
contraction is followed by a compensatory period of such length 
that the normal and premature waves approximately equal in 
length two normal waves (2 T). Such a pulse group is termed a 
full higeviinus. Each smaller wave and compensatory pause is 
followed by a large arterial beat (P). 

C. Premature Auricular Systole — due to the origin of a premature 
impulse in the auricle which, when transmitted to the ventricles 
gives a premature ventricular contraction as well. The premature 
ventricular contraction is characterized by a small wave x or, when 
it occurs very early, by a pause as shown in curve D at x. The 
auricular origin of the extra stimulus is evidenced by the fact that 
the interval following is not so long that with the preceeding beat 
it equals two pulse cycles (i. e., T<CT'). Such a group has been 
termed a shortened bigeminus. 

D. Paroxysmal Tachycardia — A sudden acceleration of the heart 
preceded by a few extra-systoles of auricular origin (e. g., at x. 
r,>Tx). 

E. Incomplete Sino-ventricular Block (usually called a-u block). — 
This condition can be most definitely determined from the arterial 
pulse when the ventricle regularly fails to respond to a- sinus stimulus. 
The rhythm is then regular but slow. When the block is irregular 
(e. (/., 2 : 1, 3 : 1) it is usually found that some short pulse wave is 
coiitained in the longer waves a definite number of times. Thus 
in is contained twice in n and three times in o. 

II. Irregular Arrhythmias. — F. Auricular Flutter. A condition in 
which the auricle contracts at a very rapid rate but the ventricle 
responds irregularly. The arterial pulse in this condition is on the 
border between an allorhythmia and complete arrhythmia. On 
superficial inspection of the registered arterial pulse it appears quite 
rapid and completely irregular both in rhythm and sequence of 
beats. In some instances a scheme of regularity may, however, 
be made out, for the long wave lengths are often multiples of the 
shortest waves but the correspondence in these cases is not very 
exact so that it seems preferable to class this with the completely 
irregular pulses. 
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G. Complete Heart Block — Due to the complete blocking of 
impulses from the sinus region and the establishment of an inde- 
pendent ventricular rhythm. On superficial inspection the pulse 
appears to be slow but rhythmic. Careful measurements show, 
however, that the intervals vary considerably and that it really 
represents a totally arrhythmic condition. Its likeness to a perfect 
rhythm is enhanced by the fact that the waves are almost of equal 
height. 

H. Auricular Fibrillation — ^A fibrillation of the auricles in which 
the ventricles beat in a rapid and absolutely irregular manner. 
The pulse is irregular in size and rhythm and the amplitude of beats 
bears no relation to the previous diastoles as is the case in extra- 
systoles. 

I. Pulsus Alternans — ^Due to an impaired contractile power of 
the ventricles of such a nature that every second beat is smaller. 
The time relations are equal or if any difference exists the smaller 
beat has the shorter period, a fact which seems to differentiate 
a true alternans from premature systoles in which the reverse is 
the case. 

Variations in Conformation. — ^The changes in the conformation 
of the radial pulse consist in alterations in size and outline. 

Amplitude. — ^The amplitude of the pulse waves is determined in a 
considerable measure by adjustment of the apparatus which, even 
through it may record faithfully the variations in pressure, does 
so without the abscissae. Nevertheless it is found by practice that 
when the best possible adjustment is made, each instrument records 
a tracing which is quite constant in amplitude in normal individuals. 
For three different instruments used upon students the following 
averages were obtained: 



Jacquet, old pattern. 


Jacquet, new model. 


Dudgeon. 


9 mm. 


7.3 mm. 


13.3 mm. 


48 cases 


23 cases 


23 cases 



A large oscillation may be due, therefore, either to a large output, 
a slow rate, a low peripheral resistence, a poor filling of the arteries, 
as in hemorrhage or a low degree of arterial tonus. A small oscil- 
lation may occur, on the other hand, when the output is small, 
the rate rapid, the resistance high, the arterial tonus great or the 
elasticity impaired by arteriosclerotic changes {cj. Fig. 105). 

When the size of the consecutive pulse beats varies, we speak of 
an unequal pulse. The normal pulse waves are not exactly equal. 
This is due, in part, to the fact that the mechanical effect of respira- 
tion modifies the ventricular output. When the pulse is regular 
the amplitude usually decreases during inspiration and increases 
during expiration. When, however, the rhythm varies during the 
respiratory phases so that the cycles becomes shorter in inspiration 
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and longer in expiration, the amplitude decreases in inspiration and 
increases in expiration (see page 69). Variations in size may 
occur, however, in perfectly regular pulses, as is the case when 
the filling of the heart or the output is periodically obstructed; for 
example, in pericardial adhesions, tumors, etc. Lastly, it may 
occur when the vigor of cardiac contraction is inherently modified, 
as in the alternating pulse described above. 

Pathologically, irregularities in size are associated with irregu- 
larities in rhythm. As a rule, the longer a certain cycle, the larger 
the pulsation following and vice versa. This is due, in part, to 
the fact that the output of the heart depends upon the interval of 
diastolic filling, but also, to the fact that the diastolic pressure is 
allowed to fall more during the longer interval. 

Form of the Pulse. — In forming an estimate of the clinical value 
of the pulse form, it must be remembered that the instruments in 
common use are utterly incapable of recording the pressure varia- 
tions present in the arteries. Any deductions drawn from such 
studies are entirely fallacious. It is, therefore, not to be wondered 
at that different clinicians have reached very different conclusions 
as to the diagnostic value of the pulse shape. The records taken 
with optically recording sphygmographs are as yet exceedingly 
few in number. We shall confine ourselves, however, entirely to 
the variations in form of the peripheral pulses so obtained. In 
the study of variations in form we are concerned with the rise, the 
fall, and the position and size of the dicrotic wave. 

Variations in the Rise. — It can readily be shown by an adjustible 
artificial circulation scheme that the gradient of the rise is deter- 
mined (a) by the rate of discharge, (b) the volume of discharge per 
beat and (c) by the size of the aortic opening (Fig. 89). Further- 
more, it is dependent on the height of the diastolic pressure. It is 
also possible to show this in experimental animals and more espe- 
cially to prove that in conditions such as aortic stenosis the wave 
rises slowly, is rounded or fiat-topped. It does not necessarily 
follow, however, that the radial pulse in man will, in conditions of 
stenosis, for example, give such a typical form by which the con- 
dition may be recognized. In the first place, the pulse wave has 
to be transmitted a long distance and due to friction the steepness 
of the rise progressively diminishes in the arteries until, as we 
approach the periphery, any slight diminution in rise which was 
evident in the central pulse becomes quite indistinguishable. In 
other words, a pulse of diminished steepness in the central artery 
may, especially when the diastolic pressure is low, be transmitted 
to the periphery so that the angle of its upstroke does not differ 
essentially from that of a normal pulse wave. 

In the second place, the production of a stenotic lesion in man is 
gradual and accompanied by compensatory changes in the ventricles 
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SO that an excessive stenosis is necessary to produce a diminished 
steepness, even in the central pulse. At all events, the presence 
in the radial of a sufficiently slow rise to warrant a diagnosis of 
aortic stenosis would be rather surprising. The records so inter- 
preted {cf. e. g., Broadbent) were all obtained with inadequate 
instruments. The writer is unfamiliar with any such records 
reported from improved methods. The infrequency of its occur- 
rence as a simple lesion undoubtedly adds to the difficulty of 
diagnosing it by pulse records alone. In 1912, Freiberger and ■ 
Veiel reported what they believed evidence of a modification of the 
central pulse recorded by Frank's capsules. In twelve arterio- 
sclerotic cases from patients over forty years of age, they recorded 
curves both from the central and from the radial pulse in which the 
steepness of rise was less and in which a rounded top and ascending 
systolic plateau replaced the descending plateau found in normal 
pulses. The better transmission of the central changes to the peri- 
pheral vessels in arteriosclerotic cases may be explained, perhaps, 
by the fact that the arteries more nearly resemble solid tubes. 

Anacrotism. — Occasionally it is found that instead of a smooth, 
ascending limb, a break or jog occurs on the ascent which is desig- 
nated as the anacrotic notch. It has been observed in cases in which 
the artery was partially compressed centrally (for example, by a 
tumor), in cases of aortic stenosis, arteriosclerosis, aortic aneurysm, 
and occasionally in aortic insufficiency. Various explanations 
have been forthcoming. It has been regarded as due to an " irreg- 
ular" or "jerky" contraction of the ventricle (Nicolai), to a high 
arterial pressure (Sahli), to the nature of the arteriosclerotic vessels 
(Liithje), to a rapid reflection of peripheral waves, etc. A general 
theory to explain its occurrence in different conditions has been 
offered by Schonewald, recently: Whenever the volume elasticity 
of the aorta or large arteries is so changed (for example, in aneurysm, 
compression, arteriosclerosis or high pressure) that further expansion 
is not possible at the onset of systole, the ejected blood is moved 
onward to the periphery, causing the rise of the radial curve. As 
the pressure continues to rise, the aorta finally dilates toward the 
end of systole and the pressure is distributed less slowly to the 
periphery, causing the notch and slower rise. It is possible, however, 
as Lewis has shown to produce anacrotism by peripheral factors 
alone so that its diagnostic value remains in doubt. 

Variations in Descending Limb. — The descending limb of the 
pulse wave may vary greatly in its slope. The significance of this is 
greater than of the variation in the rise. It is readily shown by 
pulse tracings taken on an artificial circulation model that the 
gradient of the pressure fall becomes steeper when the peripheral 
resistence is lower, when the arterial wall is thicker and when an 
insufficiency of the aortic valves is created (Fig. 89). SimOarly, 
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it can be shown experimentally (Borne, Biandet and Wechman), 
that, when the peripheral resistance is decreased by depressor 
influences or nitrites, the slope of the descending limb of the carotid 
becomes more rapid; while it becomes more gradual after the intra- 
arterial injection of adrenalin or after clamping of the abdominal 
aorta. Also, it can be shown that the descending limb drops 
more rapidly after the induction of aortic insufficiency in experi- 
mental animals (Fig. 95). As before pointed out these results 
.cannot be directly transferred to man nor can the assumption be 
made that the peripheral pulse at the radial will undergo similar 
changes. There are reasons, however, for believing that in this 
case the peripheral pulse in man directly follows the changes in the 
central pulse. If amyl nitrite is administered to a subject the 
changes in the shape of the radial pulse become evident even with 
the less accurate forms of sphygmographs. As shown in an optical 
tracing of Fig. 73 the descending limb frequently becomes steeper 
at the same time that the amplitude increases. Similarly, Wirth 
has shown that the steepness of the descending curves taken optic- 
ally could be modified by varying the resistance and tonus of the 
arteries by baths, direct applications of heat and reflex effects from 
the other hand. 

There seems to be no question that a rapid slope of the descending 
limb of the radial is often associated with a low diastolic pressure 
and, when present, no doubt often indicates such a pressure. 
More accurately stated, however, the rapid decline signifies that 
diastolic pressure is relatively low, as compared with the systolic 
pressure. Thus, it may occur when the diastolic pressure remains 
unaltered but the systolic pressure is high, as happens when rigid 
arteries are insufficiently distended during systole or when the 
systolic output from a hypertrophied heart is great and rapid so as 
to produce a higher systolic pressure and a more rapid peripheral 
flow. The low diastolic pressure present explains the rapid drop 
found in aortic insufficiency, when it is so marked that it can 
generally be appreciated by palpation (Figs. 95 and 97). It may be 
added, however, that some cases of aortic insufficiency in which 
the pulse gives a distinct collapsing impression to the finger, are 
found, on investigation, by optical sphygmographs, not to possess 
such a fall, the palpating finger being evidently misled by the 
sudden impact (Fig. 97). 

Variations in Dicrotism. — The significance of the depth and 
prominence of the dicrotic notch and wave has given rise to extensive 
discussion. Before attempting an analysis of dicrotism, it is neces- 
sary to realize that a pulse may appear dicrotic when it is not 
really so from a physical viewpoint (Lewis). Thus, if we place 
dicrotic notches of the same magnitude on three pulse skeletons, 
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as shown in Fig. 31, no real dicrotism occurs (that is, ah, a' h', and 
a" b" are equal), but the middle curve apparently displays an 
increased dicrotism. It is obvious that this form of apparent 
dicrotism to which clinicians obviously refer is determined by the 
relative position of the dicrotic notch on the descending limb — 
being increased whenever the descending limb falls more rapidly 
and diminished when it falls slowly. 




Fig. 31. — Schematic figure illustrating "apparent dicrotism" when real dicrotism 
does not exist. Dicrotic wave (.A) superimposed upon the descending limbs of 
three primary waves, B, C, D, so that ah, a' b', a" h", etc., are equal. (After 
Lewis.) 



Since a rapid fall, as before pointed out, occurs frequently when 
the diastolic pressure is low in consequence of low peripheral 
resistance, a large dicrotic is usually found in such conditions 
(amyl nitrite and typhoid pulse). The dicrotism may be real 
instead of apparent. This is due in part to the fact that the arterial 
walls oscillate at a larger amplitude at lower pressures and in part 
to the fact that the interference or resonance with peripherally 
reflected waves is altered {cj. Figs. 73, 74, and 101). 

Increased dicrotism like' the rapid diastolic collapse is not neces- 
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sarily associated with low diastolic pressure or relaxed arteries, as 
is evident from its occurrence in conditions of high systolic pressure 
(for example, arteriosclerosis and nephritic hypertension). It 
occurs here in association with a rapid fall because the rigid arteries 
are imperfectly distended by the rapid systolic output from a 
hypertrophied ventricle and, in consequence, a systolic pressure 
relatively high, as compared to diastolic, is created. From 
this analysis, it seems that increased dicrotism should be the 
invariable accompaniment of a more rapid fall of the pulse wave. 
Such, however, is not exactly the case, for it must be remembered 
that its position and amplitude are governed, not entirely by the 
depth of the incisura in the central pulse, but partially, also by 
resonating reflections. Any influence tending to increase this 
resonating effect likewise increases the amplitude of the dicrotic 
wave and vice versa, any diminishing agent acts accordingly upon 
the amplitude. Finally, it should be remembred, in interpreting 
dicrotism in the clinic, that many of the ordinary forms of sphygmo- 
graphs employed actually record no dicrotic notch but instead show 
mere after-vibrations of the lever in the descending limb. When it 
happens, for example, that, after amyl nitrite, the pulse accelerates, 
the requirements of the instrument are increased and the lever is 
thrown into greater oscillations so that the so-called dicrotic notch 
markedly increases in amplitude owing to greater lever throw. 
This, in a large measure explains why the pulse records taken by 
various observers during fevers and aortic insufficiency, when 
the pulse is large, are sometimes accompanied by great and some- 
times by little dicrotism, and why the significance of dicrotism has 
received such varied interpretation. 

Transmission Time and Velocity of the Pulse Wave. — The trans- 
mission time of the pulse is estimated by the difference in time 
between two pulses as the radial and brachial or the radial and the 
subclavian (Fig. 27). By obtaining the distance as accurately as 
possible, the velocity may be computed. The velocity of the pulse 
has been used as a functional test for determinating the elasticity 
of the artery. This is based on the formula of Moens that the 

/ 6 0/ 

propagation M — K^\g — - in which X is a constant, g= the 

acceleration due to gravity, e= the elasticity coefficient, a= the 
thickness of the arterial wall, d= its diameter and A= the density 
of the fluid. In this formula the variations in the specific gravity 
may be neglected. Thus, if the specific gravity of the blood at 
1.005 yields a pulse velocity of ten meters per second, the time of 
transmission at 1.035 specific gravity would be 10.09 meters per 
second. It is evident then that the velocity of the pulse wave 
becomes an index of the elasticity of the artery and it has therefore 
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been much used as a functional method of determining the con- 
dition of the arteries. Thus, if the velocity in a given case be 
seven meters, and upon the application of ice over the artery it 
increases to nine meters, we may infer that an increased con- 
traction of the arterial wall has occurred. The transmission rate 
in the old is greater than that in the young and is still greater in 
cases in which arteriosclerotic changes are present. Since the 
formula contains no factor involving the force of the heart, it is 
possible to compare only those cases in which the force is equal. 
While it is suited, therefore, to the study of peripheral changes 
in the same individual it is difficult to compare pathological condi- 
tions since every change in the arterial wall probably involves 
some change in the force of the cardiac output. It has, therefore, 
been sought to obviate this error (Friberger) by comparing only 
cases which have the same systolic pressure, upon the assumption 
that the adaptation of the heart to the vascular system is indicated 
by the pressure and that upon this the elasticity coefficient is really 
dependent. 

Determination of the Isometric Period of Ventricular Contraction 
(Erroneously Termed the Presphygmic Period). — ^A determination 
of the interval elapsing between the beginning of ventricular con- 
traction and the ejection of blood after the opening of the valves is 
frequently desired. This period corresponds to the isometric period 
of the ventricle, and since it was supposed by the use of older 
methods to be that interval of systole which caused no effect on the 
arterial pulse it was designated as the presphygmic period. In 
view of the work of Frank, showing that no such early systolic 
period of inertia exists, but that the rise of intraventricular tension 
is transmitted to the aorta, this term seems inappropriate. This 
period has usually been measured by the somewhat uncertain 
method of comparing the time difference between the first evidence 
of ventricular activity, as shown in the apex beat and the rise of 
pressure in some artery, after allowing approximately for trans- 
mission time. (For literature, see Robinson and Draper.) More 
accurate estimates have recently been made by comparing the 
curves with the electrocardiograms and heart sounds. This period 
may be more exactly, more directly and more easily established 
by the duration of the preliminary vibrations of the central pulse 
as suggested by Frank. 
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Results of Various Observers and their Methods. 

By Cabdiogeam and Cakotid Pulse Cokrbcted for Tbanbmission. 

.073 
.085 
.06 

.087-. 093 
.06 

.02-. 04 
.02-. 03 
.07-. 085 

By Differences Between Heart Tone at Apex and Base. 

Einthoven and Geluk . 1894 .06 

By Preliminary Oscillations of Central Pulse. 

Tigerstedt 1908 .051 

Wiggers .... 1914 .058-. 085 

Clinical Significance. — It is apparent that while the normal 
isometric period of the ventricle varies considerably, it averages 
about 0.07 to 0.085. Under pathological conditions it may vary 
markedly. The period is said to be shortened in some cases of 
arteriosclerosis and aortic insufficiency (Pezzi). A lengthening indi- 
cates an impairment of ventricular function due to valvular, mus- 
cular or arterial disease. In arrhythmia very unequal isometric 
periods naturally occur. 
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CHAPTER IX. 

THE SUPRACLAVICULAR VENOUS PULSE OR 
THE PHLEBOGRAM. 

If the cervical veins in the supraclavicular region are observed, 
two distinct types of pulsation caused by their variable filling are 
evident. These are designated as the respiratory and cardiac 
venous pulses. With every inspiration blood is aspirated into the 
thorax, and the veins dinainish in volume; with every expiration 
the flow is impeded and the veins increase in size. If the breath 
is held during expiratory quiet, however, the cardiac variations 
normally super-imposed upon the respiratory waves, are more 
clearly discerned. During every systole of the ventricle, as gauged 
by the apex beat, the veins collapse, thus giving rise to what has 
long been known as the "negative pulse." This is distinguished 
from the pathological or "positive venous pulse," which shows 
a systolic swelling of the veins. Unless otherwise qualified, the 
term "venous pulse" designates the cardiac venous pulse, although 
the precautions are not always taken to study its variations during 
apnea, hence a mixture of the two pulsations has often been obtained. 

TECHNIC OF RECORDING VENOUS PULSE TRACINGS. 

The cardiac variations in the jugular vein can be studied in greater 
detail by taking graphic records of their volume changes. The 
apparatus used for this consists of an open receiving cup connected 
by rubber tubing with a delicate recording tambour, or better with 
a segment capsule recording optically {cf. page 102 and Fig. 26). 

The following technic is usually followed: The subject lies for 
several minutes with the neck and head supported by a single 
pillow. The receiving tambour is applied snugly, but without 
undue pressure, to the right supraclavicular fossa, either over, or to 
the right border of the sterno-cleido-mastoid muscle. The effort 
should be made to relax the neck muscles by keeping the face 
directed forward or turning the head slightly toward the right — the 
involuntary tendency of the subject to turn the head to the left 
must be resisted. 

When a place has been found where a satisfactory pulsation (at 
least 5 millimeters) is obtained, another cup also connected with a 
recording tambour is firmly pressed over the carotid or subclavian 
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area and, after marking the relative position of the two lever points, 
a tracing of these two pulses is simultaneously recorded, together 
with some form of time record. In place of th^e carotid pulse, the 
radial pulse from a transmission sphygmograph is sometimes used. 

NOMENCLATURE, TIME RELATIONS, AND INTERPRETATION 
OF VENOUS PULSE TRACINGS. 

The cardiac venous pulse contains at least three, and occasionally 
four waves for each heart cycle. Upon these, accidental wavelets 
or notches may be superimposed. Since the contours of the different 
waves are often not distinctive in polygraph tracings it is necessary 
to check them by comparison with the accompanying arterial 
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Fig." 32. — Simultaneous carotid and venous pulse tracings taken with a sensitive 
form of Lombard's tambour, x-x', relative position of writing points with arcs. 
On the record is illustrated the method of marking c-waves as well as the different 
terminologies found in the literature. 



curve. This, however, can be dispensed with in optical records 
after one has become familiar with the characteristic wave shapes. 
The checking is accomplished in the following manner (Fig. 32): 
One point of a pair of dividers is applied to the line indicating 
the starting position of the arterial lever (x) and the other to the 
rise of the primary wave of any arterial pulse (1, 2, 3). Now, 
without changing the dividers, one point is applied similarly to 
the starting point of the venous tracing (a;') and the wave cut by 
the other point determined (1, 2, 3). This is the second or systolic 
wave. Its contour and prominence is variable. In case the radial 
pulse is used as a standard, 0.1 second is allowed for transmission 
time. Care should be taken to make all measurements between the 
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line of points and the waves in the same horizontal line so as to 
take into account the arcs of levers. 

Nomenclature. — ^Various names have been applied to these 
waves. Following Mackenzie, the first wave is most commonly 
designated as the a wave to denote its association with auricular 
systole. Since it is presystolic in relation to ventricular systole, 
it has also been called the presystolic or p wave (Bard). 

The second wave is usually labeled the c wave, also after Mac- 
kenzie, to designate the fact that it owes its origin to a carotid 
impact. Since it is systolic in time, it has been called the systolic 
or s wave (Fredericq, Bachmann, Ohm). Morrow speaks of it as 
the ventricular wave, while Hering and Rihl have designated it as 
the ventricular valve wave or the vk wave. 

The third wave is generally named, after Mackenzie, the ventricu- 
lar or V wave. Morrow speaks of it as the first onflow wave. A 
number of investigators have noted that the ascending limb of 
this wave is divided by a notch or bend and hence different names 
have been attached to these two portions. Thus, Bard speaks of a 
tele-systolic or proto-diastolic wave {t -\- p wave), Wenckebach of 
ani -\- v wave, and Rihl of a v^ and v'^ wave. 

The fourth wave has been designated as the h wave by Hirsch- 
felder, the b wave by Gibson, and the stasis or s wave by Rihl. 

Time Relations of Different Waves. — Some discrepancies, the 
reasons for which are now readily explained, have arisen in estab- 
lishing the temporal relations of these four different waves. It is 
quite generally considered established, on the basis of myocardio- 
graphic studies, that the first, or a wave begins to rise with auricular 
systole and falls with diastole. Indeed, the synchronism reported 
by several investigators is almost incredibly exact. Ewing, how- 
ever, denies that the auricular systole terminates at the crest of 
the a wave, but believes that it continues throughout its entire 
fall. This question is of importance, for if the crest terminates 
auricular systole and the beginning of the rise indicates its onset, 
its duration is shorter than is commonly supposed. As a result 
of the measurement of fifty-three records taken from medical 
students by optically recording capsules, I have found that if 
the rise of the a wave alone is taken as the span of the auricular 
systole, its duration is 0.063 to 0.075 seconds, while if the up and 
down strokes are taken, it is considerably longer than is usually 
acknowledged (0.14 to 0.2 second). In neither case is the gen- 
erally accepted interval of 0.1 second found. 

The writer's animal experiments do not support the view that 
auricular systole continues through both the rise and fall of the 
a wave, for (1) a distinct interval is usually found between the 
end of auricular and beginning of ventricular systole, and (2) 
when the heart is inhibited by vagus stimulation so that the auricle 
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alone responds, the pressure in the superior vena cava rises during 
systole and falls during diastole exactly as in the normal curve. 

The second wave undoubtedly begins to rise early in systole. 
How clearly it actually establishes the very beginning of systole 
has been open to question. Mackenzie regarded its rise as caused 
by, and, hence, synchronous with the carotid impact. Bard, 
however, found that it preceded the carotid wave by 0.01 to 0.02 
second, a fact given greater significance, when Morrow subsequently 
showed that the waves were transmitted more slowly in the veins 
than in the arteries (1-3 meters as compared with 7-10 meters). 
Bachmann, subsequently, recorded curves in which this wave 
similarly preceded the carotid rise but occurred synchronously 
with the apex rise attributed to ventricular systole. Furthermore, 
Eyster demonstrated that the first sound occurs on an average 
0.03 to 0.07 second before the c wave rises but may be coincident 
with it. 

In 1911, Edens optically recorded the venous pulse with Frank's 
capsules and showed that the so-called systolic wave is made up 
of two portions, a first wave due to valve closure followed after an 
interval varying from 0.018 to 0.048 second by a true c wave. The 
first elevation occurs precisely at the onset of the first sound, 
whereas the true c wave is somewhat delayed. Ohm simultaneously 
recorded the heart sounds and the venous pulse by his optically 
recording gelatine capsules. These records also show that a short 
though uncalculated interval elapses between the beginning of 
systole and the true c wave. The optical records of the writer 
obtained in 1913 and 1914 are in exact agreement with these results 
(Fig. 34). They show that the true c wave rises an interval of 
0.058 to 0.085 second after the onset of ventricular systole and that 
this period, moreover, corresponds to the isometric period calcu- 
lated from the subclavian pulse (cf. page 124). 

All investigators seem agreed that the drop of the third or v 
wave occurs synchronously with the opening of the tricuspid valves. 
The summit is therefore commonly regarded as approximately 
coinciding with the onset of diastole. Thus, Rautenberg, by com- 
paring esophageal and venous tracings, came to the conclusion that 
the entire rise was systolic and the summit marked the beginning 
of diastole. On the other hand, Wenckebach believed that the 
foot of the rise was synchronous with the diastolic onset. According 
tp a more recent statement by Mackenzie, Gotwald, Knoll and 
Hering, the rise begins during the end of systole and continues into 
early diastole. According to this view the beginning of diastole 
occurs somewhere on the ascent of this wave and is often marked 
by a notch or jog. This view is substantiated by optical tracings 
and simultaneous records of sounds and waves. Thus, Eyster 
found that the second heart sound begins on the average a few 
9 
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hundredths of a second after the beginning of thee wave, although 
this sound has been observed as much as 0.045 second before and 
0.15 second after its rise. The records taken by Edens and the 
writer with Frank's capsules, as well as those of Ohm taken with 
gelatine membranes show that the third wave is essentially, and 
often entirely, a diastolic one, provided we take the closure of the 
semilunar valves as establishing the end of systole and the beginning 
of diastole (Fig. 34). 

The fourth wave when present is distinctly diastolic in time. 
Hirschfelder, Thayer and Gibson all related it to the third heart 
sound (see" page 174). This is confirmed to a certain extent by the 
work of Eyster, who shows that the third sound precedes the begin- 
ning of this wave by a few hundredths of a second. This writer 
also corroborates the work of Einthoven, however, that the two are 
not necessarily associated since a sound may occur without evidence 
of a wave, and vice versa. 

Interpretation of Waves. — Before bringing forward the evidence 
that the use of optically recording apparatus has produced to aid 
in the interpretation of the venous pulse, it may be well to briefly 
review the different views held concerning the cause of the chief 
venous pulse waves. In doing this we may designate the waves 
from their time relations as presystolic, systolic, early diastolic and 
mid-diastolic, appending the most widely used letters a, c, v, and 
h to these waves respectively. 

Summary of Views Concerning Causes of Chief Waves of the Venous 
Pulse: 

Presystolic or a wave. 

Rise: Auricular systole causing a stasis of blood or a slight regurgi- 
tation into the veins. 
Fall : (a) Auricular diastole, inflow of blood and collapse of vein. 

ih) Ventricular systole, drawing down floor of and enlarging 

capacity of auricle. 
(c) Decrease in intrathoracic pressure at onset of ventricular 

systole causing suction. 
{d) Rebound of blood during auricular systole (Ewing). 
Systolic or c wave. 

Rise: (a) Impact from underlying carotid or subclavian (Mac- 
kenzie). 
(&) Impact from large intrathoracic arteries upon large veins 

or auricle. 
(c) Jar or tug due to change in positionof contracting ventricle. 
{d) Bulging or closure of tricuspid valves at onset of ventricu- 
lar systole (Francois Frank, Fredericq, Bering, Rihl, 
Bard, Bachmann, etc.). 
(e) Increase in auricular pressure due to sudden ejection 
of blood from coronary sinus (Sewall, Hirschfelder). 
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Fall : (a) Continuation of the fall of the a wave. 

(6) Superimposed descending limb of an arterial impact. 
Early Diastolic or v wave. 

Rise: (a) End of stasis — rise in auriculo-venous system while 
tricuspid valves remain closed. 
(b) Elevation of a-^ septum at onset of ventricular diastole. 
Fall: (a) Opening of tricuspid valves and onflow of blood into 

ventricle. 
Mid-diastolic or h wave. 

(a) Change from a flow to a stasis of blood in ventricle, 

auricle and veins. 

(b) Approximation of a-« valves. 

These varied opinions as to the factors concerned in the produc- 
tion of .the different waves are based either upon practical views 
that can be harmonized with the time relations of the waves; or 
upon actual records of the right auricular pressure, the variations 
of which are regarded as equivalent to those in the jugular pulse. 
The flrst process is subject to error in making appropriate time 
allowances for wave-transmission. The latter is questionable, 
because the assumption that the right auricular variations and those 
of the venous pulse are identical, has been shown to be erroneous 
by the use of optical methods. A suggestion of the dissimilarity 
is shown in the synchronous venous and esophageal pulse tracings 
taken by the segment capsules of Edens. His curves indicate that, 
although both vein and auricle have three main waves, the similarity 
ceases with this fact, for neither their time relations nor contours 
correspond exactly. Thus, the auricular wave from the esophagus 
precedes that in the jugular by 0.06 to 0.08 second, while the second 
esophageal wave is related to the first small elevation in the jugular 
and not to the main c wave. 

During ventricular systole the jugular curve maitily falls while 
the esophageal tracing mainly rises. It is evident also that while in 
the esophageal curve the main rise of the v wave is systolic, in the 
jugular it is largely diastolic. 

Since we cannot be absolutely certain that such esophagrams 
represent variations in auricular pressure alone (see page 148), 
they cannot finally determine the question. Simultaneous registra- 
tion of the right auricular and venous pressures by optical means 
led Van Zwaluenberg and Agnew to conclude that in dogs the curves 
were different. They found that the rise of the v wave was delayed 
more than the a wave, and that all the finer details of the auricular 
tracing were lost in the jugular record, a fact attributed by them to 
the interposition of venous valves. 

The writer has made an effort to trace carefully the transforma- 
tion of the intra-auricular pressure curve into the venous pulse as 
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commonly recorded. This work was done partly in association 
with Frank and Broemser in Munich, and partly independently 
through subsequent experiments in Cornell Medical College. 
Reserving the details for future communication, the facts may be 
briefly outlined in connection with the diagram of Fig. 33: 

1. If the intra-auricular pressure from an animal with an active 
heart is recorded by a sensitive optically recording manometer of 
adequate efHciency, we find, similar to the results of Straub and 
Piper that the pressure variations in the auricle are composed of 
the following typical series of waves (Fig. 33, /, also Fig. 9, B). 




Pig. 33. — Four curves showing transition of right auricular pulse to supracla- 
vicular venous pulse. 7, pressure changes in right auricle ; II, pressure changes in 
extrathoracic veins; ///, volume changes of neck vein; IV, supraclavicular pulse 
taken with tambour. 



A rise and fall (a, b, c) synchronous with auricular systole and 
diastole. 

A sharp positive rise and negative fall (c, d, e) apparently asso- 
ciated with valve closure and downward movement of the auricular 
floor. 

A slow stasis rise continuing throughout systole (e, /) and marked 
at the closure of the semilunars by a notch (/ ). 

A diastolic rise {f, g). 

A diastolic drop (g) due to the opening of the tricuspid valves. 

A mid-diastolic oscillation (h), when the heart is slow. 
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2. If a jugular vein is tied and the pressure within is recorded 
low in the neck with the same optical manometer, the following 
series of changes are found (Fig. 33, //) : 

A rise and fall (a, b, c) due to auricular systole and diastole. 
This rise occurs a few hundredths of a second later than the rise in 
the auricle but is preceded by a negative depression which is 
apparently accounted for by a slight traction of the contracting 
auricle on the veins. 

A small notch (c, d) corresponding to a similar rise in the auricle 
but not followed by the sharp drop {d, e) since it is cut short by 

A prominent elevation (s) apparently due to a systolic impact 
from some intrathoracic artery. 

A late systolic rise (to/). 

A diastolic rise (/, g). 

A diastolic depression (g). 

To sum up, the pressure waves have changed to the extent that 
the steep fall (d, e) is largely replaced by a second positive wave 
(«) ; and that the stasis rise during systole starts later. 

3. If the jugular vein low in the neck is dissected free, but not 
tied, so that blood flows from the periphery; and the variations in 
venous volume are directly recorded by methods of unquestionable 
accuracy, then the three main waves persist, but all evidence of the 
variations due to valve closure or movements of the auricular 
floor (c, d, e) have vanished — ^probably they have been damped out 
by the presence of valves or the onflowing blood (Fig. 33, ///). 

4. If a supraclavicular tracing is taken as in man by placing a 
small tambour over the skin of the venous region, the curve again 
contains three waves, but the systolic wave assumes greater promi- 
nence and gives distinct evidence of the detailed contour of a cen- 
tral arterial wave. The v wave becomes almost entirely a diastolic 
affair (Fig. 33, IV). 

To summarize, we may say: (1) there exists in the right auricle 
a small systolic wave due to the movement of valves or the auriculo- 
ventricular floor; (2) there exists in the central veins (occasionally 
in the auricle) another distinct wave due to an intrathoracic impact; 
(3) the latter is, and the former is not transmitted to the veins of 
the neck; (4) it is difficult to record either of these systolic vibrations 
when a small tambour simultaneously covers an arterial area, for 
then the period of systole is obscured by a direct arterial impact. 
The venous 'pulse is therefore not, as current text-books state, an index 
of intra-auricular pressure. Only during presystole and diastole does 
it follow the auricular pressure in any measure. 
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THE DETAILS AND INTERPRETATION OF THE SUPRA- 
CLAVICULAR VENOUS PULSE IN MAN. 

Since the pulse tracings taken from the right supraclavicular 
fossa represent a mixture of the pulsations from the subclavian 
artery and the jugular bulb the term supraclavicular venous pulse 
seems a more distinctive term. This region has several advantages 
over those venous regions more remote but freer from systolic 
arterial impact, for the venous column is physically so poor a con- 
ducting system that every increase in the distance from the heart 
makes the record resemble less and less the true intra-auricular 
pressure curve. 

It is generally supposed that the waves of the supraclavicular 
venous pulse have no distinctive contour, as is shown in the case 
of the arterial pulse. This is due to the fact that it is imperfectly 
recorded by the transmission methods in common use. The 
records taken with optical capsules are so distinctive that no com- 
parison with other records is necessary. Furthermore, the varia- 
tions in contour are of diagnostic importance. It is therefore 
proper to analyze the details of such curves. In Fig. 34, two 
simultaneous tracings from the supraclavicular region are shown: 
the upper record was obtained through a tambour lightly pressing 
over the region of the jugular bulb, and the lower from a cup firmly 
pressed over the supraclavicular space external to the first. The 
first is a record in which the venous elements predominate and the 
arterial elements are reduced to a minimum; while the latter is 
almost a clear subclavian pulse. 

The details of the latter correspond to those already described 
as characteristic of the central arterial pulse. Since the relations 
of its detailed features to the cardiac cycle have been carefully 
delineated, such a record offers an aid in the interpretation of 
the supraclavicular venous tracing not hitherto supplied in the less 
accurate tracings obtained from more distant arterial pulsations 
by polygraph tambours of low vibration frequency. Briefly 
recalled, such a subclavian pulse shows the following details: 
1-2, a wave due to auricular systole; 2-3, the preliminary vibrations 
due to the bulging of the semilunar valves during the isometric 
period of systole (Anspannungszeit) ; 3-4, the primary shock of the 
entire blood column due to ejection; 4-5, the ascending and 5-6, 
the descending phases of the more constant ejection period; 6, the 
"incisura" or sudden drop in pressure at the beginning of ventricular 
relaxation followed by several valve vibrations at s^. After this 
the pressure gradually falls in diastole. 

The supraclavicular venous tracing obtained by lighter pressure 
may, at once, be divided into presystolic, systolic and diastolic 
periods, using the term "ventricular systole" to indicate the period that 
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the cardiac muscle actually remains in a state of contraction. To 
accomplish this division, the vibrations resulting from the closure 
of the tricuspid and semilunar valves («^ and s^) which are trans- 
mitted to the neck and directly inscribed on the curve, may be 
used to mark approximately the beginning and end of ventricular 
systole. It is evident that in each period one wave reaches its crest. 
Hence, we may designate them very simply as presystolic, systoHc, 
and diastolic. Upon the basis of animal experiments before quoted 
the following interpretation of the details is proposed: 

Presystolic Wave. — The wave occurring during this period 
(a wave of Mackenzie) consists of a rise (a, b) and a fall (b, c). The 
rise is unquestionably associated with, and caused by, auricular 
systole. The fall is commonly attributed to the onset of auricular 
diastole, a view with which the writer agrees. 
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Fig. 34. — Supraclavicular venous pulse (upper) and subclavian pulse Oower) 
recorded by Frank's capsules. 



Systolic Wave. — The onset of ventricular systole is characterized 
by a preliminary rise of pressure (c, d), synchronous with the 
isometric rise of the subclavian record (2, 3). Whether this rise 
is to be interpreted as due to the closure of the tricuspid valves, 
or is merely the transmitted preliminary vibration of the aorta, 
as at 2, 3, cannot be definitely stated. Whichever interpretation 
is adopted, there can be no question that this represents the iso- 
metric period, or the period of rising intraventricular tension. 
Absolutely synchronous with the rise of the subclavian pulse (at 3) 
occurs the rise of the supraclavicular pulse {d, e) obtained with 
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light pressure. It is therefore possible to ascribe this only to a 
direct impact of the underlying artery. 

After reaching its summit at e, the pressure sharply falls until 
it changes its slope at /, or, in other cases, as shown at f-, begins to 
ascend. The contour of the arterial curve is not exactly followed 
because the impact was poorly recorded, on account of the light 
pressure of the tambour. The lighter the pressure becomes, the 
less perfectly it follows the arterial pressure contour being then 
transformed, as is shown in the venous record of Fig. 47, into a 
simple oscillation. The subclavian drop in pressure entirely over- 
shadows the systolic rise in pressure simultaneously occurring in the 
auricles only rarely, as at /S is the rise due to stasis (telesystolic rise 
of Bard) obvious during the systole of healthy subjects. Similar 
relations are evident in the recent optical curves of Edens and Ohm. 

Diastolic Wave. — The wave g, h, i, {v wave) (Fig. 34), as pointed 
out, is, as a rule, largely a diastolic affair. Its fall after h occurs 
at the opening of the tricuspid valves. Its rise after the vibrations 
of the second heart sound at 5^ is so sudden that it remains ques- 
tionable whether it can be attributed entirely to a continuation of 
the systolic stasis wave in the auricle. It is possible that the 
upward movement of the ventricles and auricular floor at the 
beginning of diastole may account for the increase in the volume of 
the vein. 

CLINICAL ASPECTS OF THE VENOUS PULSE. 

The Efficiency of Polygraphs. — Although optical records have 
been taken from patients by Edens and Ohm, and Frank's apparatus 
has been arranged in a convenient and portable form for hospital 
use by the writer,^ the convenient forms of polygraphs will no doubt 
continue to be favorites for taking supraclavicular venous pulsa- 
tions. The clinical aspects, therefore, closely involve the question: 
To what extent are the records taken with these forms of apparatus 
reliable — for it must be admitted that all of them have an exceed- 
ingly low vibration frequency and many are in no sense aperiodic? 
That they are incapable of recording the intra-auricular pressure 
variations faithfully cannot be questioned. 

If, however, we apply the principle of judging an instrument by 
its results, we must admit that a most wonderful advance in cardio- 
vascular diagnosis has come about through the use of such inferior 
instruments, and that the ideas formulated upon the basis of such 
records have been recently confirmed by more accurate studies with 
the string galvanometer. The reasons for this are not difficult to 
discover. In the first place, the veins are themselves transmitting 

' See-Fig. 26 and description in Jour. Amer. Med. Assoc, 1915, Ixiv, 1305. 
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systems of low efficiency so the intra-auricular waves are considerably 
distorted, annulled, or hidden before reaching the neck. Hence, 
the demands made upon an apparatus to record the main venous 
waves are not very exacting. The chief mistake made is to assume 
that the right auricular pressure can be actually recorded by such 
an apparatus. In the second place, the diagnoses read from the 
records by men like Mackenzie, Wenckebach and Lewis have 
been tempered with extreme foresight and reason which counts for 
so much in establishing any diagnosis. Furthermore, the true 
facts have gradually unfolded themselves to these investigators. 
The novice who wishes to read from tracings all the details described 
in the literature must needs be familiar with the characteristic 
effects of all the different cardiac disturbances on the tracing. 
To him, more than to the experienced diagnostician a recognition 
of the possible errors incurred by the apparatus is also necessary. 
For this reason we may briefly consider the ways in which the 
records may be distorted by the use of polygraph tambours and how 
disturbed cardiac action may modify the venous pulse waves. 

In polygraph tracings the heart sound vibrations as well as the 
isometric interval are not recorded at all. Hence, the exact begin- 
ning and end of systole cannot be directly established on the records, 
and the true As-Vs conduction time cannot be accurately determined. 
The relative amplitude of the waves is not correctly reproduced, 
and the relative prominence of the waves may be entirely wrong. 
The curves (in the periodic forms of apparatus) are often compli- 
cated by waves which do not exist in the vein at all but are due to 
the inherent oscillation of the lever.' 

The polygraph tracings establish very roughly (1) the beginning 
of auricular systole (a wave rise), (2) the beginning of ventricular 
ejection (c wave rise), (3) very roughly the As-Vs interval {a-c inter- 
val), and (4) the opening of the tricuspid valves (drop of v wave), 
which occurs a few hundredths of a second after the beginning of 
diastole. 

In abnormal cardiac activity they may also give evidence of the 
presence or absence of an auricular contraction, the presence and 
sequence of supernumerary auricular contractions, and, finally, 
detect the presence of auricular stasis and tricuspid regurgita- 
tions. 

In order to recognize the value and limitations of the ordinary 
polygraph in determining these abnormal variations, it is proposed 
to present side by side a number of common effects, as recorded 
by Frank's capsules and Mackenzie's polygraph levers. To econ- 
omize space, this will be done in diagrammatic form, the curves 

' For curves illustrating these changes see Wiggers, Jour, of Amer. Med. Assoc, 
1915, Ixiv, 1485. 
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being copied from records obtained during the last year in the wards 
of the second medical division of Bellevue Hospital.' 

Significance of the Systolic Waves. — It is of importance in poly- 
graph curves, for purposes of orientation to first check up the systolic 
or c wave after the manner described on page 127. Hence, we may 
consider its importance in diagnosis first. The systolic or c wave 
in optical tracings is normally very prominent; in polygraphic 
tracings it may be scarcely indicated. Its chief characteristic is 
that it falls during the major part of systole (Fig 35, 1). The relative 
time of the termination of this fall indicates in some fashion the 
degree of stasis in the right auricle. If the stasis is greater than 
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Fig. 3.5. — Comparative diagrams illustrating the effect of a consecutive increase 
in stasis (/, //, ///) and of regurgitation (IV) on the venous pulse curves as 
recorded by optical apparatus and polygraph tambours. 



normal the rise occurs during the end of systole. Further stasis 
causes the wave to remain high as shown in Fig. 35, III. In 
such cases the systolic or c wave and the diastolic or 11 wave are 
always distinctly separated by a notch in optical tracings. Aided 
by lever throw, these notches may become very deep in polygraph 
curves and give the effect of a bifurcated wave. If a tricuspid 
regurgitation occurs, however, during systole; as in IV, the venous 
pressure rises throughout systole and the systolic and diastolic 
waves merge into one with a broad plateau. In such cases, the 
optical records indicate clearly the vibrations of the murmur 

' A detailed publication will be made when a, greater collection of curves becomes 
available. 
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accompanying the regurgitation. Since, in this form of pulse, the 
systolic waves are exceedingly conspicuous, it has been designated 
the "ventricular type" of venous pulse (Mackenzie). 

Optical tracings of these pulsations have been reported by Ohm 
and the writer. One of the curves shown in Fig. 88 and taken 
from a case of auricular fibrillation, illustrates that, when the heart 
beats are irregular, different types of waves may follow each other. 
Thus, in the group labeled I, a distinct impact or c wave occurs 
which is followed somewhat prematurely by a rise of the v wave, 
indicating stasis. In groups labeled II, we have the entire systole 
filled by an ascending or horizontal plateau in which vibrations due 
to an accompanying murmur are vaguely discernible. Here the 
c and 1) waves are merged. 

A prominent systolic wave may also occur when auricle and 
ventricle contract simultaneously. This may occur occasionally 
or for continued intervals in paroxysmal tachycardia (Mackenzie). 
In such an event, a sustained top is not found, however, but the 
curves resemble a large a wave. To my knowledge, optical tracings 
of such a condition have not been reported. On the other hand, it 
is questionable whether such an interpretation is warranted from 
the nature of the curves in many cases in which it is made. We 
have here an example of an explanation that conveniently fits 
the diagnosis being given to the record instead of allowing the 
record itself to supply the evidence. 

A sharp, distinct systolic wave may be entirely lacking when an 
ineffective systole occurs, that is, one that fails to open the semi- 
lunar valves and to send a pulse to the arteries. In such cases the 
registration of heart sounds alone will determine the presence of a 
ventricular systole. An example is shown in Fig. 84. The ventricle 
contracted at 1 as is indicated by the sound at S'. No impact wave 
occurred, but owing to the fact that the entire contraction was 
isometric — that is, occurred without valve opening — a stasis wave 
2-3 resulted in the auricle during systole. When the tricuspid 
valves subsequently opened at 3a, the blood entered the ventricle 
but at a gradual rate since the ventricle was already filled before 
relaxation had set in. It becomes apparent, then, that while the 
waves of the systolic interval give us no indication of intra-auricular 
phenomena in normal venous pulse, on account of the fact that they 
are overbalanced by arterial impact phenomena, in cases of stenosis 
and regurgitation they become so pronounced that they overshadow 
the arterial impact. Hence, the recognition of the time at which 
the curve begins to rise is of extreme importance. 

The Significance of the Presystolic Wave. — The auricular wave is 
of importance in establishing the existence or absence of auricular 
contractions. If a distinct wave is present from 0.08 to 0.2 second 
before the curve rises, the assumption is generally made that it 
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represents the presence of a presystolic wave. If the interval 
is longer it should be regarded suspiciously. Occasionally even in 
optical records it becomes exceedingly difficult to determine whether 
a certain wave is due to auricular systole. We may examine the 
conditions under which this occurs : In the first place the ventricular 
systole may be so weak that no carotid or radial beat is recorded 
and, hence, the identity of a waves becomes questionable. Optical 
tracings often have the advantage in such cases because the begin- 
ning and end of systole are directly indicated by the heart valve 
vibrations, superimposed on the venous pulse; but in many instances, 
this, as well as a direct record of sounds from the chest, fails, either 
because the sounds are not sufficiently intense to be recorded, or, 
to judge from animal experiments, are not generated at all. 

Again, it not infrequently happens that the a wave is entirely 
absent in records taken with the breath held (Edens). This prob- 
ably occurs when the contractions are weak or the "venous pressure 
unusually low. In such cases, a regular rhythm warrants a closer 
investigation into the existence of the a waves, for their absence 
throughout a record usually occurs only with an irregular ventricular 
beat. 

Even in cases with irregular hearts, however, the a waves may 
apparently be absent when they occur synchronously with carotid 
systoles or during the v waves. According to Lewis we may suspect 
such a coincidence of the a and v waves when the ■« wave projects 
distinctly into diastole. This criterion is of doubtful value. Many 
of the interpretations of synchronous a and c or a and v waves 
should be questioned unless verified by other means. 

The a waves are truly absent when the auricle is extremely 
distended or in a state of fibrillary contraction. 

The a wave may determine the abnormal sequence or the excess- 
ive recurrence of auricular contractions. In deciding that the 
presence of certain waves indicates an excessive rate of auricular 
contraction, it is necessary that all the other possible causes of 
such waves be excluded. The h waves may recur so as to be equi- 
distant from two regular a waves and, hence, mistaken for extra 
contractions of the auricle. If such a wave is less prominent than 
the recognized a waves, and if no other evidence of conduction is 
present, it is probably an h wave. Again, a waves may be confused 
with V waves. Lewis proposes to differentiate by determining 
whether the drop comes after the dicrotic notch. This method 
however, is of little value especially in polygraphic tracings, for the 
V wave begins to fall after the dicrotic notch. Furthermore, most 
of the tambours on the polygraphs record no dicrotic notch but 
merely an inherent after- vibration (cf. page 107). When the 
heart is very irregular, the curve may be further complicated by 
the fact that ineft'ective ventricular systoles cause small waves in 
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the auricle which simulate those due to auricular contraction. 
Thus, it is very questionable whether all the small waves found in 
curves of auricular flutter can be referred to contraction of the 
auricle and its tempo so determined {cf. Fig. 81). Furthermore, in 
cases undoubtedly established as auricular fibrillation, presystolic 
waves closely resembling a waves are not infrequently found {cf. 
wave 4, 5, 6, Fig. 84). 

Tfw a-c Interval. — ^The time interval from the rise of the pre- 
systolic or a wave to the systolic or c wave is called the a-c interval. 
It is generally regarded as giving an estimate of the time interval 
between auricular and ventricular contraction {As-Vs interval), 
and so permits a determination of the conduction time from the 
auricle to ventricle. This interval is about 0.1 second longer than 
the P-R interval of the electrocardiogram, which may be due to 
the fact that the a and c waves are transmitted with irregular 
velocity to the neck, or, to the fact that the records represent 
different phenomena (see page 161, Electrocardiogram). 

According to Lewis it has been established by electrocardiographic 
studies that whenever this interval is longer than 0.3 second it 
may be assumed to be due to an increase in conduction time. 

The idea that the a-c interval may be used as a criterion of the 
conduction time presupposes, first of all, that the venous a wave 
and the arterial c wave are conducted to the neck at a constant 
velocity. It is evident from optical tracings that this is not so, 
especially in cases of irregularity in which the isometric period 
of the ventricle lengthens and the rate of arterial transmission is 
slower. Passing this source of error by, however, one may examine 
what this interval really represents. It embraces (a) the systole of 
the auricle, (b) the period of rising tension in the ventricle, and (c) 
the ejection plus the transmission of the arterial pulse to the neck. 

It was formerly assumed that the same impulse that set off the 
auricle passed on and stimulated the ventricle. Hence, it was 
reasoned that if we assumed the systole of the auricle, the period 
of rising tension and the transmission time to be equal — in itself 
somewhat daring in the case of irregularities in which experiments 
show them to be prolonged — then the a-c interval represents the time 
taken for the impulse to be conducted from auricle to ventricle. 

-Recent work, however, has shown it to be improbable that the 
impulse is conducted to the ^'entricle via the auricle,^ but directly 
from the sinus, hence the A.s-Vs interval is not necessarily related 
to the sino-ventricular conduction period. As diagrammatically 
illustrated in Fig. 75, the sino-ventricular conduction period (C-F) 
is longer than the As-Vs interval (B-F), and the latter serves as an 
estimate of the former only when we may suppose that the conduc- 

' The term "auricle" is not used here as synonymous with "atrium" but designates 
the main body of the contracting auricle. 
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tion from sinus to auricle (A-B) is also constant. It must be 
admitted that for many reasons the a-c interval cannot be implicitly 
regarded as an index of sino-ventricular conduction time. That 
it does correspond so well with the electrocardiogram P-R intervals 
is in fact extremely remarkable. 

Cardiac Arrhythmias. — The most characteristic variations of 
the supraclavicular venous pulse in some of the common forms of 
irregularity are indicated in Fig. 36. A more detailed exposition 
of the various forms of irregularity will be found in a subsequent 
chapter. 

A. Sinus Arrhythmia. — The venous pulse is usually characterized 
by a regular sequence of the a, c, v waves and a normal a-c interval 
(0.1-0.2 second). The irregularity consists in the early or late 
occurrence of each group. Individual variations may arise in 
which the length of cycles varies markedly. Thus, in the long 
cycles an h wave may occur while in the shorter ones the v wave 
may be combined with the next a wave. In extreme cases the a-c 
interval may also vary but it cannot be definitely accepted that this 
represents an altered conduction time. 

B. Premature Ventricular Contraction. — The venous pulse is char- 
acterized by a premature c wave as at x. This is followed by an 
auricular contraction (a). Since this stimulus finds the ventricle in 
its refractory phase, it is followed by no c-a complex (cf. Fig. 79). 
For this is substituted a stasis rise (S) which fills the compensatory 
period. The premature systole may occur so early (y) that it 
replaces the v wave. Such a systole is usually so weak, however, 
that the semilunar valves fail to open and a wave fails to appear 
in the arterial tracing taken from the wrist. It may, in fact, 
happen that no extra c wave appears in the venous pulse, the 
presence of the extra contraction being then recognized only by the 
heart sounds in optical tracings. 

C. Premature Auricular Contraction. — ^The venous tracing is char- 
acterized by a normal a, c, v sequence, for an entire a, c, v group 
occurs prematurely {x). The a-c interval is increased due, partly, 
perhaps, to the changed sino-ventricular transmission time and the 
altered length of the isometric period of ventricular contraction. 

D. Paroxysmal Tachycardia. — ^The venous curve shows, previous 
to onset, one or several auricular extra systoles, i. e., premature 
a, c, V wave groups followed by an interval with a stasis rise. At 
the onset of tachycardia the a, c, v sequence is disturbed only by the 
fact that the v wave becomes merged with the succeeding auricular 
contraction. 

E. Incomplete Heart Block. — The earliest stages are said to be 
indicated by a lengthening of the a-c interval alone. Such curves 
should be corroborated, however, by other evidence before diagnos- 
ing an impaired conductivity. Similarly, impaired conductivity 
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between sinus and ventricle may occur with an a-c interval, entirely 
normal. The diagnosis may be made, however, when a long a-c 
interval or a progressively increasing interval is followed occasionally 
or regularly by a dropped arterial beat. In such cases, illustrated 
at X and y, the a wave recurs regularly but is not followed by the 
C-!) complexes. 

F. Auricular Flutter. — The venous pulse, when the arterial rate is 
slow, shows a rapid succession of small a waves which are occasion- 
ally interrupted by waves of ventricular origin {cf. also Fig. 81). 
When the ventricle beats rapidly, however, and tricuspid regurgita- 
tion supervenes all evidence of auricular contraction may be 
obscured and the ventricular form of venous pulse alone predom- 
inate. In such cases the venous pulse is not diagnostic. 

G. Complete Heart Block. — The venous pulse shows a regular 
succession of a waves, interrupted at irregular intervals by c and 
V waves of ventricular origin. These groups fall between the a 
waves or are superimposed upon them. 

H. Auricular Fibrillation. — The venous pulse is characterized by 
an entire absence of a waves and the presence of ventricular c-v 
complexes. These have a varying comformation and recur very 
irregularly but at a rather rapid rate. Between these systolic 
groups are long stasis periods upon which small undulations attrib- 
uted to auricular fibrillations are evident. Other smaller waves 
due perhaps to ineffective systoles of the ventricles and other causes 
as yet unknown are common. 
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CHAPTER X. 
THE ESOPHAGEAL PULSE AND THE ESOPHAGRAM. 

If an esophascope is inserted into the esophagus, pulsations are 
visible in two places. The upper pulsations, which are the weaker, 
are seen at about the level of the tracheal bifurcation or about 
26-30 centimeters from the teeth (Rautenberg). The lower 
pulsations which are more vigorous occur somewhat lower down, 
32-36 centimeters from the teeth (Rautenberg). A study of the 
anatomical relations shows that in this region the left auricle is in 
direct contact with the esophagus for a distance of 5 to 6 centi- 
meters, hence the pulsations are evidently transmitted directly 
from it to the esophagus. 

Registration. — The idea of obtaining esophagrams, as the records 
may be termed, occurred first to Luciani and later to Fredericq 
and his pupils who employed the method in animals. To Rauten- 
berg and Minkowski, however, we owe the clinical application of 
the method. 

To obtain an esophagram the following technic is usually fol- 
lowed: After cocainization of the pharynx, a lubricated rubber 
tube about 5 millimeters in diameter and 75 centimeters in length, 
which is equipped below with a small soft rubber bag, is swal- 
lowed to a distance of about 38 centimeters. The bag is then 
gently inflated and gradually drawn out either until a distinct 
pulsation is obtained in the tambour with which it is connected, 
or until the heart sounds heard through a connected stethescope 
become loudest. The tendency to swallow saliva must be counter- 
acted by suitable means, either by allowing it to drip into a recep- 
tacle or by employing one of the various drying appliances used 
by dentists for similar purposes. The records are preferably taken 
in the sitting posture; but if it is necessary to recline, the lateral or 
abdominal position should be assumed. 

Nature and Time Relations of the Records. — ^As can readily 
be understood, the records necessarily differ according to the part 
of the esophagus from which they are recorded (Young and Hewlett, 
Edens). With the most exact placement over the left auricular 
area, three waves regarded as similar in character to those obtained 
from the venous pulse, are recorded (Fig. 37). They have been 
designated as the As, Vs, and D waves by Rautenberg. As has 
been pointed out by Young and Hewlett as well as by Edens, how- 
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ever, a distinct As wave is not always present, l)ut in tlie upper 
and lower portions of the auricular area, it is replaced by a negatixe 
ilrojx Tlie time relations of these waves have been compared 
with the waves of the jugidar pulse in a previous section of this 
book. It is only necessary to repeat that they precede the corre- 
si)onfling jugular pulse wa\'es by irregular inter\-alb. Their exact 
relations \n the waves of the electrocardiogram have been estat)- 
lisiied l)y Ii.autent)erg, Kahn and more recently by Benjamin. 
The J.s- wa^'e rises alxiut O.UI.J second after the rise of the P wave 
and tlie fail contiinies until the (} depression of the electrocardio- 
gram. "^Fhe rise of tlic R waxe also ])recedes the mechanical eleva- 
tion, r.v, by a similar iiitcr\al. The D wave drops a distinct 
iiitcr\ a! after tlie end of the T wave. 




Fl(.;. >u . — I'^^oijha^nani and lirali ^'iuri'l> iiiMidrd willi -rLniiriil fa]).~llle^. w, 
auricular wa^-r; (i.s-, ,sj-st(ilic wa\-e; IJ, (lia.^tulic [M.-ak. Li>\\rr ruroriU ^liow first and 
seoond sounds. (After Edens.) 



Interpretation of the Esophagram. — The interprctatinn of tlif 
I'sopliagram involves tlie question as to what form of cardial acti\ ity 
is actually traiisniitteil to the esophagus. The anatomical proximity 
iif the left auricle to the esophagus has led to the natural inference 
that the iiitra-aiirifiilar pressure variations are transmitted through 
the ehistic walls (jf the auricle and esophagus, ^'an Zwaluenberg 
and Agnew have supported this view by showing that the wa\'es 
in the auricle and those recorded from the esophagus by optical 
;i|(paratiis correspond exactly'. This fact, howcA^er, does not 
i(ii]clusi\-cly indicate that the two sets of w;i\e^ are due to exactly 
the same influence. It has been suggested that the changing 
position of the auricle during its s,\stole and diastole, as well as 
the traction influence of the A'cntricular systole, must directly 
iiiiHlify the intra-t'sophageal pressure. Attention has likewise 
been ciilled to the effect of cardiopneumatic \ariatioiis in intra- 
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thoracic pressure upon the esophagram. Luciani, as early as 
1877, reported that the esophagram taken from an intact thorax 
differed essentially from one recorded when the thorax was opened. 
Too much significance, however, should not be attached to such 
observations, for not only is a great risk incurred of directly altering 
the position of the sound, but, in addition, the entire circulation 
phenomena are known to change when the chest is opened so that 
one should expect a difference in the esophagram apart from that 
caused by negative pressure. The results of Meltzer and Auer 
lead us to believe that the importance of the part played by cardio- 
pneumatic phenomena is doubtful, since they have shown that 
the negative pressure variations within the thorax were very poorly 
transmitted to the posterior mediastinal area below the bifurcation 
of the trachea. 

In interpreting the esophagram as an index of left auricular 
activity, it should be remembered that it represents a combined 
influence of auricular position change and intra-auricular pressure 
phenomena. For this reason, different types of curves may be 
obtained from different regions of the esophagus. The As wave 
when present is undoubtedly associated with a contraction of the 
auricle and so is presumably caused by its central bulging as the 
pressure rises. When, instead of this wave, a negative drop appears, 
it is probably because the contracting auricle draws away from the 
esophagus in the place where the record is taken. The Vs wave, 
attributed by Rautenberg to a change in the length of the heart as 
a result of ventricular systole, is shown by optical methods (Edens) 
to be a more complicated phenomenon. It seems very probable 
from the nature of the oscillations present that the vibrations of 
the mitral valves are concerned. Following these vibrations the 
pressure rises due to stasis, very much as in the intra-auricular 
pressure curve. As at the opening of the tricuspid valves the 
auricular pressure rapidly falls and the position of the heart changes 
as well, the curve drops quickly. It is evident that with proper 
allowances for a possible predominating influence of cardiac move- 
ment, the esophagram follows the changes in the intra-auricular 
pressure closely (Edens, Van Zwaluenberg and Agnew) . 

CLINICAL VALUE OF THE ESOPHAGRAM. 

The ways in which the esophagram has been considered useful 
in clinical cases may be briefly enumerated : 

1. It establishes the existence of auricular activity — but in this 
capacity it merely supplements information gained from records 
of the jugular pulse. 

2. It gives evidence of dissociated activity of the two auricles. 
Edens published a rare case in which the left auricle was apparently 
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paralyzed due to distention, while the activity of the right was 
unimpaired. 

3. It may give evidence of mitral regurgitation much as the 
ventricular form of venous pulse gives evidence of tricuspid regurgi- 
tation (Minkowski). Many of the curves, however, which were 
published as characteristic of this condition showed no deviation 
that might not be found in perfectly normal tracings (Young and 
Hewlett). Edens, also, after a, rather extensive experience with 
optically recorded esophagrams, found no typical type of curve in 
these conditions. 

4. It has been suggested that the method might give evidence 
of adhesive pericarditis, especially in cases in which the systolic 
negative apex beat is absent. Edens, however, found no character- 
istic tracings in this condition. 

It is evident that the method only supplements the information 
given by the jugular tracing in cases in which the interpretation of the 
latter is in doubt. That the esophageal pulse more nearly approxi- 
mates the pressure variation in the auricle than the jugular pulse 
is evident, but its usefulness is limited by the fact that the mo\'e- 
ments of the heart may, under special circumstances, become its 
predominant factor. 
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CHAPTER XL 

THE APEX BEAT AND CARDIOGRAM. 

If the finger is placed over that region of the chest corresponding 
to the apex, an impact is felt that is spoken of as the apex heat. 
Although much discussion has arisen as to its cause, it has always 
been recognized as representing the beginning of ventricular systole. 
The graphic record of this impulse is termed a cardiogram. 

METHODS OF RECORDING. 

For reasons of convenience, the direct registration of cardiograms 
by levers has been almost entirely replaced by that of air transmis- 
sion systems. The simplest procedure consists in applying a round 
or horizontal box-shaped receiver over the impulse area and trans- 
mitting the movements of the skin through tubing to a recording 
tambour. This method is at once the oldest, simplest, and best. 
As in the transmission sphygmograph, the chief desideratum for 
accurate work is a recording mechanism having a sufficient vibration 
frequency. This no tambour recording on a smoked surface or 
with ink pens can possibly have. Use has, therefore, been recently 
made of Frank's optical capsules (Frank and Hess, Wiggers) and 
the interference bands of the micrograph (Crehore). 

A more complicated transmission occurs in the use of the cardio- 
graph first devised by Marey and subsequently modified by a 
number of investigators (Kronecker). The cardiograph of. Marey 
consists of a tambour covered by heavy rubber in the centre of 
which is a button brought into apposition with the impact area. 
In some forms, as that by Edgren, a spring is placed inside of the 
capsule making this instrument, in contrast to the funnel receiver, 
not a mere volume recorder but a tension apparatus. A tension 
recording instrument would be necessary if the recorded curve 
represented a record of intraventricular pressure. A sane consider- 
ation of physical and anatomical facts, however, makes it difficult 
to conceive how this can be the case, for the intraventricular 
pressure variations not only fail to be transmitted through the 
thick apical and thoracic musculature but the relation of the apex 
to the chest wall changes during the cardiac cycle. Even if the 
cardiogram could be shown to possess a contour identical with that 
of the intraventricular curve — ^which has not been accomplished 
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— it woulfl not he proof that they represented the same thing. 
Vse may assume witli reasonable surety that the apex beat represents 
only the varying pressure of the cardiac apex on the thoracic tissue; 
and this is solely governed by the shifting of the heart's position and 
ds degree of filling. In recording these movements through the skin 
and intercostal muscles, nothing is gained by a tension recording 
device of such a construction as the Edgren cardiograph. 

Nature of Cardiograms Obtained by Recording Tambours of 
Adequate Efficiency. — Cai-diograms taken with reliable forms of 
apparatus ha\'e not been extensively published. PVank and Hess 
reported a diagram of what they consider a t>'pical cardiogram in 
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the dog. liccords not unlike this have been obtained by the 
author in man (Fig. :!N). More than a tentati\'e explanation of 
such records is impossible at present. The curves begin with an 
oscillation a-b that may conceivably- be due to auricular contraction. 
Ventricular systole is inaugurated by a series of sharp vibrations 
due to the first sound. There are apparently two grou]3s of these 
\-ibratioiis, an iiiifitd set of longer period (c) and i\fin(d set of shorter 
period (e'j. Their exj^lanation is still in doubt. They last at 
least through the isometric period. As soon as the ejection period 
begins, as shown by the subclavian rise, the cur\'e slowly rises to 
its maximum (r/j and then slowly recedes again ie). This can be 
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explained by assuming that, early in ejection, the heart continues to 
move downward and presses more firmly against the chest wall, 
but during its later phases, the apex gradually moves away, owing 
to the diminution in ventricular volume. At the beginning of 
diastole (probably) a rapid drop to / takes place. This can be 
explained by assuming that the apex moves upward in the beginning 
of diastole. Finally, however, as the ventricle fills, the apex is 
again pressed against the chest wall more firmly and occasions the 
slow diastolic rise (g). 

It is incorrect to designate such a curve as a "typical cardiogram." 
The writer is inclined to believe that there is no "typical curve." 
If the receiving tambour be moved only 1| centimeters to the right, 
the contour of the curve changes. The heart sound vibrations may 
still be recognized but the systolic curve is directed downward indi- 
cating that that particular part of the heart moved away during 
the entire systolic phase {negative cardiogram). If the tambour 
is displaced 1 centimeter to the left of its original position, the 
curve becomes entirely positive but of different contour (Fig. 47). 
After the typical heart sound oscillations (c), the curve rises sharply 
to a peak {d) and then slowly draws away during the rest of systole. 

It is evident that slight variations in the position of the receiving 
tambour modify in pronounced fashion the contour of the cardio- 
gram — probably because the relation of the heart to different 
points on the chest wall varies greatly. 

Similar conclusions have been arrived at by Crehore who reported 
the details of cardiograms reconstructed from the micrograph 
interference bands. His curves also give evidence of preliminary 
oscillations similar to c-c'. He concluded that the ejection period 
occurred somewhere within this group of waves rather than after 
it, as interpreted by the writer. 

CLINICAL VALUE OF CARDIOGRAMS. 

In estimating the clinical value of cardiograms it is desirable 
to consider separately those taken with polygraph tambours and 
those recorded with apparatus of adequate efl&ciency. The former 
have been used for the following purposes: (1) to determine the 
As^s interval, (2) to mark exactly the onset of systole, (3) to 
determine by its conformation the presence of hypertrophy, (4) 
to distinguish right-sided from left-sided hypertrophy and (5) to 
determine whether a pulse-deficit is present. 

In none of these capacities may the ordinary cardiograms be 
considered of any value. Optical tracings indicate that the onset 
of systole is frequently not accompanied by an immediate rise of 
the curve. If we add the delay in the rise of the tambour lever, 
it is apparent that the onset of systole can be only approximately 
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established in this way. Since this is the case neither the pre- 
sphygmic period nor the As-Vs conduction time can be accurately 
estimated by comparing other pulses with the apex tracing. 

Tracings taken by means of optical apparatus also indicate 
that curves of exceedingly varied contour may be obtained from 
perfectly normal subjects; that from the same subject, in fact, 
either positive or negative tracings may be obtained by shifting 
the tambour slightly. The latter are, therefore, of no diagnostic 
significance. 

Although useful in a didactic way to demonstrate the existence 
of a pulse deficit, the cardiogram supplies no evidence not obtainable 
by auscultation for the heart sounds. It may be pointed out, 
in this connection, that every ventricular systole may not give a 
typical cardiogram. Due to the varying volume of the ventricles, 
the varying approximation to the chest wall and the changing 
force of systole, it is sometimes impossible to determine whether 
two consecutive waves are associated with the same systole or 
belong to two rapidly following beats. On the other hand, a feeble 
systole often gives no record at all. 

Optical tracings of the apex beat have so far been shown of value 
in only one respect, nanlely, that they incorporate the heart sounds 
and so allow an exact establishment of systole and diastole. 
Whether any other significance may be attached to pathological 
tracings further investigation alone can determine. 

BIBLIOGRAPHY. 
Papers. 

Crehore. Jour. Exper. Med., 1911, xiv, 339, 351, 520. 
Frank. Tigerstedt's Handb. der Physiol. Method., 1913, II, Part 4, 182. 
Frank and Hess. Verhandl. d. Cong. f. inn. Med., 1908, xxv, 285. 
Kronecker. Compt. rend. Soc. de biol., 1901, liii, 390. 



CHAPTER XII. 
THE ELECTROCARDIOGRAM. 

APPARATUS, TECHNIC, AND CRITIQUE. 

The fact has long been known in physiology, that whenever a 
tissue is active, the active portion becomes electrically negative to 
the resting portion. Hence, if an external conductor connects 
these portions, an electric current flows, the electromotive force 
of which is determined, as in a battery, by the degree of activity 
but the amperage of which is measured, according to Ohm's law, 
by the external resistance as well. This is called the current of 
action. If the tissue is so connected that, first the portion under 
one electrode, and later that under another is active, we obtain 
a current that flows first in one direction and then in the other, 
that is, a diphasic current. 

To measure the difference of potential or the electro-motive 
force, the capillary electrometer was first employed. A description 
of this instrument is given in all modern text-books of physiology. 
It has certain advantages, two of which are: that it is relatively 
inexpensive, and lends itself to the detection of minute currents 
(0.013 millivolt) which it records without a latent period. The 
excursions are proportional to the electromotive force, when the 
capillary is of even caliber, and are not influenced by variations in 
external resistence. It is therefore possible to use this instrument 
as was done by Kolliker, Miiller, Waller and Bayliss and Starling 
to detect the presence of rapidly recurring electrical variations in 
the hearts of animals and of men. In order to maintain a suffi- 
cient degree of sensitiveness, however, the apparatus must be so 
adjusted that neither the contour nor the size of the rapidly recur- 
ring electrical variations are correctly reproduced, and the curves 
obtained demand reconstruction. This can be done after the 
scheme formulated by Garten. The most practical objection to 
the use of the capillary electrometer — and the one no doubt that 
has limited its application in clinical work — is the fact that the 
instrument so readily becomes disarranged. For this reason it 
has been almost entirely supplanted by the string galvanometer 
in recording electrocardiac phenomena. 

The String Galvanometer. — The string galvanometer, the develop- 
ment of which in its modern form is almost entirely due to the 
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ingenuity of Eintlioven, is based upon the principle that, when a 
conductor carrying electric current is placed at right angles to a magnetic 
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Fk;. 39. — Ditigram illii^tr:il ini; the principle of the string galvaDometcr. 
i After Lewis.) 

ficlil the ciirmil iiitiiiw in ii dinrtnni at rifjht (ingles; In Imfli the Juld 
mill the ciiniliirliii-. 'i'lnis, as i^. shown in Fit;-. '■','.), if ;i current passes 




Fig. 40. — Cambridge model of Eiiitho\'en'.s string galvanometer. 



ilowii :i \-cry li^'lit fihcr of sih'crccl fpiartz (/'} ])Iace(l in tlie field 
of two clc(•tro-lnaL;llct^, N and A', it will nio\-c in the ihrectiou shown 
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l)y the arrow, a. In the best Einthoven galvanometers the string 
is made of silvered quartz and varies from 2-4 microns in diameter 
and is consequently visible to the naked eye only in very intense 
light (Fig. 40). The tension of the string may be adjusted by the 
milled head which is fitted with a safety stoj) to i)revent over- 
tightening. The electro-magnets are excited by connecting them 
with a storage battery yielding 10-20 volts. The movements of 
the string may be observed by a microscope (Fig. 39, A), fitted 
through openings in the two magnets, or the shadow of its move- 
ments may be projected to the lens of a ])liotokymograph by 
concentrating the heat-free rays of a quiet arc lam]) u])on the fiber. 
Procedure in Recording Electrocardiograms. — A procedure similar 
to the following is generally employed to obtain electrocardiograms 




Fig. 41. — Photograph illustratiiii;; Wilham.s' electrodes in use. (After Jarnes and 

Wihianis.) 



from patients: Three electrodes, each consisting of a vessel of 
saline, or, more conveniently, of a metal strip covered with absor- 
bent material soaked in saline (Williams) are applied to the two 
arms and the left leg of the .subject (Fig. 4i). By connecting any two 
of these electrodes in such a way that the photographed shadow 
moves up when the base of the heart is negative, it is possible to 
tap the heart currents in three different places or, as generally 
worded, we obtain three ditt'erent leads, namely: 

Lead L — Right arm, left arm. 

Lead IL — Right arm, left leg. 

Lead IIL — Left arm, left leg. 
When any one of these leads is connected with the gah'anometer, 
a deflection of the string in f)ne direction occurs e\-cn when the 
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patient lies thoroughly relaxed. This so-called "body current," 
probably due to the activity of innumerable glands, must be neu- 
tralized or "compensated" by introducing into the circuit a corre- 
sponding counter-current from a cell. With both body and gal- 
vaiiometer in the circuit the sensitiveness of the apparatus is so 
adjusted that, after the custom introduced by Einthoven, one 
milliwlt causes a deflection of one centimeter in the shadow of the 
fiber, a procedure spoken of as the "standardization." The combined 
resistance of the patient's body and the electrodes may be deter- 
mined by substituting an artificial resistance sufiicient to again 
cause a shadow deflection of one centimeter when one millivolt is 
passed through the circuit. A distinction should be made between 
the real and the apparent resistance (Einthoven). The apparent 
resistance is determined by the use of a direct current, the real by 
the use of an alternating one. In the body the apparent resistance 
may be more than twice as* great as the real resistance. Einthoven 
has recently pointed out that the apparent and real resistances 
should not differ from each other by more than four hundred ohms. 
This may be brought about by immersing the extremities deeply 
into a 20 per cent, saline bath. 

All of these procedures, that is, standardization, compensation for 
body currents, estimating external resistance, are accomplished by 
convenient electrical devices, the details of which do not properly 
belong here.' The electrocardiogram is then recorded by allowing 
the projected shadow of the string to be focused by a cylindrical 
lens in the camera on a sensitive bromide paper, film or plate. A 
millimeter scale drawn on the lens projects horizontal lines on the 
paper and a rotating device, regularly interrupting the light may 
be added to conveniently give short time intervals as intersecting 
vertical lines. Such devices called episcotisters have been cleverly 
devised by Garten, Einthoven, Bull, and Williams. 

Critique. — The impression seems wide-spread that the use of a 
string galvanometer to record electrical variations is in itself a 
guarantee of their trustworthy character. No idea could be more 
erroneous. It is quite possible to obtain curves — and, unfortunately, 
many such curves have been obtained and published — which are 
in no way superior to records obtained with the capillary electro- 
meter.^ • , 



' For description of details consult Einthoven, Arch. f. d. ges. Phys., 1908, cxxii, 
517; Lewis, Clinical Electrocardiography, 1913, ^. 4. 

" We refer only to the accuracy of the electrical variations and not to the inartistic 
and foggy records that often appear, although in this respect it is hoped some 
improvement may soon be made. Few investigators have published records that 
approach the excellent standard set by Einthoven, Lewis and Williams. Those 
who experience difficulty in this direction may perhaps with profit read Garten's 
excellent exposition of the subject of photographic registration in Tigerstedt's 
Handbuch der physiologischen Methodik, Band I, part 2, pages 65-124. 
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It is important to remember that the deflection for any given 
string is proportional to the amperage and not the voltage. It 
varies also with the length, diameter, composition, preparation, 
and tension of the string. To utilize the apparatus as a voltmeter 
the standardization before explained is necessary. In order to 
accomplish this with a variable external resistance either the resis- 
tance of the string must be altered or its tension changed. The 
latter is the more convenient procedure and the one generally 
employed. It is obvious, furthermore, that the relation between 
the actual deflection of the string and its shadow on the photo- 
kymograph depends on the optical magnification (that is, the lens 
magnification and the distance from the photokymograph). It 
is quite evident that those investigators, who, on account of inade- 
quate illumination or inferior lenses, are forced to work with a 
magnification of 100-200 require a much greater actual deflection, 
and hence must employ a string under less tension than those who 
are able to utilize a magnification of 600 to lOOO.'^ Unfortunately, 
however, as the string is slackened, the deflection time, which is 
the time interval between the zero position and the final level is 
increased. This is well shown in the following table compiled from 
the results of Samojloff : 

Sensitiveness. Magnification. Deflection time. 

1 millivolt = 1 cm. 800 0.024 second 

1 millivolt = 1 cm. 400 0.060 second 

1 millivolt = 2 cm. 400 0.100 second 

This leads to the discussion of the qualifications of a reliable 
instrument and the methods by which they may be determined. 
As Einthoven has recently pointed out, a perfect galvanometer 
has not yet been constructed, but the error can be reduced to a 
point where it is negligible. Fahr, who has recently made a theoreti- 
cal analysis of the string galvanometer, has shown that the string 
must have an inherent vibration rate, at least five times as great 
as the rate of vibration to be recorded if the error is to be reduced 
to 4 per cent. ; whereas, it is necessary that the inherent rate of the 
string should exceed the vibration ten times if the error is to fall 
to 2 per cent. Fahr very practically points out that, since the 
tension of the average string 10 centimeters long cannot be safely 
increased to give more than a thousand vibrations per second, the 
electrical variations recorded should not exceed two hundred per 
second. 

Given an instrument with a vibration rate five tivies as great as the 
vibration to be recorded, we may be certain that it is reliable for prac- 

' This is the chief defect of the less expensive models, the installation of which is 
often urged upon those institutions and individuals, who are unable to afford higher- 
priced apparatus. The time is at hand, however, to discourage such instaUatiaas. 
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tical purposes, provided the combined air and electromagnetic damping 
is sufficient to render the string aperiodic. 

There is, however, another and more practical way in which 
the efficiency of an instrument may be tested, namely, by deter- 
mining experimentally the longest deflection period permissible 
without causing any alteration in the height and contour of the 
curves. Samojloff, Einthoven, and Lewis have made such deter- 
minations. The curves of Lewis show that when the deflection 
time becomes greater than 0.02 second, a distortion of the electro- 
cardiogram waves occurs. Briefly stated, the amplitude of the 
R wave is too small and that of the T wave is relatively too large. 
An evident failure on the part of some clinicians to comply with 
this requirement discounts seriously any significance they have 
attributed to slight variations in the height of these waves. // it 
can be shown by supplementary tests that the string is aperiodic and 
the deflection time is 0.02 second or less, it may be inferred that the 
instrument is sufficiently accurate for all practical purposes. 

THE NATURE OF THE RECORDS AND THEIR INTERPRETATION. 

Terminology. — The normal electrocardiograms, as the records 
are termed, are characterized by three or four positive variations 
and generally by two sharp negative waves (Fig. 42). Different 
terminologies have been used to designate these waves. Bayliss 
and Starling, who first recorded a triphasic current with the capil- 
lary electrometer, call the second and third variations the "initial 
and terminal phases" of the ventricular current. They also applied 
the term "spike" to the large, sharp wave. Realizing that the 
electrocardiogram could be open to different interpretations, Ein- 
thoven, in 1895, introduced the alphabetical designation (P, Q, R, 
S, T and recently U), a terminology that has been almost univer- 
sally followed. To indicate the lead in which the wave occurred, 
the Roman suffix is usually added in descriptions. Thus, Rii means 
the R wave obtained by lead II, etc. Krauss and Nicolai, partly, 
because they believe the letters should in some way indicate the 
cause of the waves and, partly, because they think that the letters 
used by Einthoven have in pathological cases been used to designate 
waves of diverse origin, suggest a nomenclature of their own, namely, 
A ( = P), the atrial wave, J (= R) the initial ventricular wave, and 
F {=T) the final variation. The interval between A and J is indi- 
cated by h since this is considered the time that elapses in passing 
the His bundle. The nomenclature of these authors has, however, 
been received with little favor and seems entirely unnecessary for 
the reasons given by them. 

Time Relations. — The generally accepted relations of the waves 
to auricular and ventricular systoles may first be stated: P is asso- 
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ciated with auricular systole. The R wave very slightly precedes 
active ventricular systole or is coincident with it. The T wave 
occurs at the end of ventricular systole, diastole following its 
termination. The small U wave when present is early diastolic 
in time. The interval between the rise of the P wave and the R 
wave (the P-R interval) is usually supi^osed to represent the con- 
duction time through the Purkinje system. 




Fig. 42. — Normal electrocardiograms of a healthy young man — three leads; 
abscissa; 1 div. = 0.04 sec. ; ordinates 1 div. = 10~* volt. The terminologies suggested 
by various investigators are indicated. (Courtesy of Dr. H. B. Williams.) 



Recent work has tended to question the details of these rela- 
tions (Kahn, Meek and Eyster). The P wave apparently precedes 
the rise of right auricidar pressure in animals and the a wave 
of the venous pulse in man. The mechanical auricular response 
recorded by the suspension method also occurs about 0.07 second 
later than the rise of the P wave, obtained by lead IL On the 
other hand, the /-" wave rises almost synchronously with the develop- 
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ment of negativity in the sinus region (Meek and Eyster). These 
investigators therefore believe that the beginning of the P wave 
is synchronous with the activity of the sinus tissue and that the 
wave itself expresses activity of the sinus plus auricle. 

Kahn has presented records to support the idea that the R wave 
is entirely completed before a rise of intra-ventricular pressure 
takes place; that it, likewise, precedes any mechanical change 
that can be recorded by levers from the right ventricles, and, 
lastly, that the first heart sound comes after the completion of the 
R wave. The second sound follows closely after the T wave. 

Eyster and Meek found the P-R interval in lead // shorter than 
the corrected a~c interval of the venous pulse in four normal men, 
and noted similar differences between the P-R interval and the 
As-Vs interval determined from direct records of the heart. Hence, 
they conclude that the P~R interval does not give a correct esti- 
mate of the As-Vs interval. 

It seems desirable that many of these results should be sub- 
stantiated in other ways, however, before they are finally accepted. 
Thus, it becomes questionable whether the mechanical apparatus 
equals the electrocardiograph in efficiency and reaction time. 
No investigator has given data as to the efficiency of the mechani- 
cal apparatus employed. That the a-c interval of the jugular pulse, 
even when corrected with reference to uncertain apex tracings, 
can give no exact data in problems of this kind, has been pointed 
out before (see page 141). That the intracardial curves recorded 
by Kahn were obtained by entirely inadequate manometers requires 
but a beginner in physiology to see. 

Evidence of a more definite nature has been furnished by Fahr, 
who showed that the vibrations of the first heart sound occur on 
the upstroke of the R wave, a conclusion confirmed by Williams 
and shown in Fig. 49 (personal communication). If we select 
the observations that seem to be reliably established, viz., that 
Pii rises synchronously with initial sinus negativity (Meek and 
Eyster), that the rise of the R wave begins slightly before the 
initial vibrations of the first sound and that the second sound comes 
after the completion of the T wave (Kahn, Fahr and Lewis), we 
may adopt the tentative time relations for an electrocardiogram by 
lead II, as shown in Fig. 25. 

Interpretation of the Electrocardiogram Waves. — In spite of 
extensive efforts to elucidate the electrocardiogram waves, their 
cause is still in doubt. To begin with, the fundamental cause of 
electric currents in muscle tissue is also in doubt. Although most 
physiologists believe that the bulk of evidence supports Herman's 
theory, namely, that a difference in potential in living muscle only 
accompanies activity, while the "rest current" is really due to injury, 
there still remain some who choose to believe that, since difference 
11 
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in electrical potential is expressive of metabolism, and metabolism 
occurs during rest, the "currents of rest" are not due to a con- 
dition of injury. 

Furthermore it has not been clearly demonstrated whether the 
condition of negativity passing over the heart accompanies the 
contraction or whether it develops in association with conduction 
of the impulse. There are those who doubt whether a slowly 
contracting muscle can generate a difference of potential except 
at the stage when the contraction of a part is beginning to pass 
off. The problem has also been complicated in its final analysis 
by the fact that it is difficult to determine the detailed activity in 
the heart by direct leads. The currents led from base and apex 
differ exceedingly in the number, height, and time relation of the 
waves. When a triphasic variation was repeatedly obtained, it 
was supposed to represent the correct change in electrical varia- 
tion in the heart, especially as the waves bore some resemblance 
to the waves of the human electrocardiogram. Such a curve has 
frequently been explained to accord with the developmental < his- 
tory of the heart. According to this idea, first suggested by Gotch, 
the base of the heart is first negative due to auricular contraction 
(P wave), returning to a normal potential as the auricles relax 
(Q wave). As the excitation spreads to the ventricle, the base 
again becomes negative {R wave) and when, subsequently, the 
apex has become negative, the S depression occurs. According 
to this view the base of the ventricle around the aorta contracts 
last and is responsible for the T wave. The recent experiments of 
Meek and Eyster, however, tend to show that no such state of 
late negativity can be demonstrated in the region of the aorta by 
a very sensitive galvanometer. 

That the generation of negativity in the heart is very much 
more complex than generally assumed is shown by experiments 
of Noyons, Straub, Bakko and Eiger, who showed that isolated 
auricles, sinus tissue, and even the conus arteriosus are able indivi- 
dually to give a triphasic current when a sensitive galvanometer 
is used. 

It is evident that out of the whole series of triphasic variations 
we lead off from the entire heart three waves corresponding, per- 
haps, to the largest of these, or at least to waves very similar in 
character. This is due to the fact that the current within the 
heart not only spreads by external circuits but is also short-cir- 
cuited more or less through the intraventricular fluid. Thus, the 
type of electrical variation led off from the surface depends, as 
Seeman has shown, upon the quantity of fluid within the ventricle. 

Partly upon experimental evidence and partly upon the inter- 
pretation of normal and pathological electrocardiograms in man, 
it has been attempted to explain the cause of the electrocardio- 
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gram waves. No explanation can be harmonized with all the 
available data, however; hence it remains impossible at the present 
time to decide between different explanations. Broadly con- 
sidered, two views are held: The first that all waves accompany the 
excitation and contraction of heart muscle; the second that most of 
the waves are due to electrical changes accompanying impulse con- 
duction, the contraction of the ventricle accounting for the T wave, 
only. 

The conceptions as to how contraction of the ventricle is capable 
of explaining, according to the first view, the ventricular waves, 
Q, R, S and T, vary with different investigators. Einthoven believes 
that, as far as the electrocardiogram records are concerned, the right 
ventricle may largely be regarded as the cardiac base and the left 
ventricle largely as the apex. Whenever negativity predominates 
in the right heart an upward movement occurs; whereas, whenever 
it predominates in the left ventricle, a downward movement takes 
place. Upon this conception, the rise of the R wave is attributed 
to systole of the right heart, the fall S to the systole of the left 
ventricle; while in the S-T interval the negativity at the base 
and apex are neutralized. The T wave is explained as due to the 
fact that the contraction of the basal right ventricle outlasts that 
of the left. 

Other investigators draw the line of isopotential more definitely 
between the anatomical base and apex and believe that negativity 
spreads in paths corresponding to the anatomical conduction 
paths. These investigators believe that the curve rises when 
the combined bases of right and left sides are negative and falls 
when the apices of the two are negative. According to this concep- 
tion, the rise R is due to the contraction of the two ventricular 
bases; the fall to the negativity of both apices; the interval inter- 
vening, to a contraction of the different systems so that currents 
neutralize each other, and the T wave to a late contraction of the 
muscles around the aorta. This idea, which has here been expressed 
in very general terms, has been made much more explicit by Gotch, 
Kraus and Nicolai as well as by Eppinger and Rothberger, by 
assigning each variation to different systems or layers of ventri- 
cular muscle. For the details of this conception the original sources 
must be consulted. 

In contrast to these views Hoffmann has suggested the idea that 
the electrocardiogram is essentially a picture of the electrical varia- 
tions accompanying impulse conduction rather than contraction. 

Upon this hypothesis, the P wave accompanies conduction over 
the auricle. The P-R interval is accounted for by the slow con- 
duction across the His bundle. If the papillary muscles of the apex 
receive the impulse first, a Q depression results. The rise of the 
R wave occurs when the bases of the ventricles are excited and its 
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fall when the impulse subsequently spreads to the apex. The 
S- T interval without variations of potential, occurs during ventricu- 
lar contraction because no further impulse conduction takes place, 
and the slowly contracting heart muscle yields no current until a 
part has begun to relax. When this happens, the T wave appears. 

Summary. 

The following summary expresses the different interpretations 
that have been given to the. different waves: 

P wave accompanies (a) contraction of auricle, (6) conduction 
through auricle, (c) activity of sinus region plus conduction through 
auricle. 

R wave (rise) accompanies (a) predominant contraction of right 
ventricle, (b) contraction of basal portions of both ventricles, (c) 
impulse conduction from base to apex of ventricles. 

R wave (drop) accompanies (a) predominant contraction of left 
ventricle, (b) contraction of apical portion, (c) conduction from apex 
to base. 

S-T interval results from (a) a balance of potential between 
left and right hearts, (b) a balance of potential between base and 
apex, (c) a balance between different layers of the heart, (d) an 
absence of further conduction because all muscle is already excited 
and contracting. 

T wave, due to (a) a change in the position of the heart (Usoff), 
(b) a return of the contraction wave to fibers around the aorta 
(Gotch, Nicolai), (c) a continued negativity of base outlasting that 
of apex (Bayliss and Starling and Einthoven), (d) the contraction 
of no particular part but the entire expression of the electrical 
wave accompanying the contraction of the ventricle (Samojloff, 
Straub, Hoffman), (e) a diminution of the intracardial shortcircuit- 
ing at the end of systole when the ventricle is empty. 

U wave, a diastolic event, due to (a) the last relaxation of the 
fibers of the ventricle (Einthoven), (6) the electrical variation of 
the arteries (Hering). 

Factors Determining the Size and Duration of the Electrocar- 
diogram Waves. — The algebraic sum of all the differences in 
potential generated in the heart must be conducted in different 
directions through the tissues, but the leads, as usually applied tap 
only the currents that flow in the plane of the leading off points. 
Hence, whether we consider the electrical variations as primarily 
due to conduction or contraction — ^whether we regard the varia- 
tion in negativity as resulting from alternate predominance of the 
right and left ventricular systole, or the anatomical base and apex 
contractions — the essential fact remains that the size of the deflec- 
tion obtained with any lead depends on the relation between the current 
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developed in the heart and the direction of the line of lead. This is 
shown in a simple manner in the diagram of Fig. 43. If the original 
current is represented in direction and quantity by the arrow, xy, 
the amount of current recorded by each lead may be measured 
by projecting the arrow perpendicularly to the lines of the triangle 
indicating the directions of the three leads. Thus, the distances 
^lyi, XiVit ^32/3 represent the magnitude of the recorded curve. 
According to this conception, we should expect the waves recorded 
by lead II to be larger than those from lead I and these, in turn, larger 
than those from lead III. That this is, as a rule, actually the case 




Fia. 43. — Diagram showing relations of tiie electrical axis of the heart to the 
three leads. BA., right arm; LA, left arm. Roman numerals refer to leads. (After 
Pardee.) 



in normal hearts, is shown in the three leads of Fig. 42. Einthoven 
and Fahr have shown mathematically that lead // equals lead I 
plus lead ///, provided account is taken of the fact that the waves 
in leads II and III start earlier than those in lead I, while the 
summits are recorded later than in lead /. 

The direction of the waves in any lead depends on the direction that 
the current flows in the heart. If x-y represents (Fig. 43) the direc- 
tion of the flow in the heart and the dotted lines its distribution 
and direction in the tissues, then the flow in lead I will be from 
LA to RA, in lead II from L to RA, in lead III from L to LA. 
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Now if the current represented by xy flows in a horizontal direc- 
tion, as shown in Fig. 44, A, then, as normally, the current would 
flow in lead I from LA to RA, in lead // from L to RA as is nor- 
mally the ease; but in lead ///, from LA to L. 

Again, if the current represented by the line xy flows downward 
parallel to lead III, then (Fig. 44, B) the current will flow in lead 
// from L to RA and in lead III from L to LA as is normally the 
case; but in lead / it will flow from RA to LA. Since in left- and 
right -sided hypertrophy the axis of the heart is changed; it is pos- 
sible on the basis of such applications to diagnose these conditions 
{cf. Fig. 87). 



-RA ^ LA RA ^ LA 




Fig. 44. — Diagrams showing how abnormal "electrical axes" in the heart- cause 
different deflections in various leads, lettering same as before. (Modified slightly 
after Pardee.) 



CLINICAL ASPECTS OF THE ELECTROCARDIOGRAM. 

In spite of the fact that electrocardiography has been introduced 
into clinical use within comparatively recent years, its field of 
activity is no longer restricted to scientific and experimental work, 
but it has become an important and often indispensible aid in the 
diagnosis and management of cardiac disorders. This is due to 
the fact that we possess sufficient results, from which it is possible 
to state with a considerable degree of surety that certain pathological 
disturbances are associated with definite variation in the size, 
contour, and time relations of the individual waves. 

Normal Variations. — Before it is possible to interpret the waves 
characteristic of pathological conditions it is desirable to know 
what variations may be considered within the range of normal. 
Various investigators, among whom may be mentioned Linetzky, 
Lewis and Gilder, and Strubell, have made such studies in normal 
piersons. As a result it has been found that the electrocardiagram 
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does not change in the same individual for long periods of time. 
The contour and time relations of the different waves are generally 
so characteristic that they can be picked out at a glance. Certain 
variations in the different waves, however, occur in different indi- 
viduals. 

The P wave is rounded in contour and averages one-tenth the 
height of the R wave. Occasionally it is negat>e and sometimes 
bifurcated. Lewis found this type present in seventeen cases out 
of fifty-nine in leads / and II. Hering, who also observed this 
double wave, suggests a dual cause, attributing the first peak to 
sinus activity and the second to auricular contraction. 

Kraus and Nicolai state that the Q depression was present in 
approximately one-third of their cases. Out of the fifty-nine cases 
examined, Lewis and Gilder observed its presence in thirty-seven 
cases in lead I, forty-five cases in lead //, and in thirty-six cases 
in lead III. Its average depth, measured from the zero level, was 
somewhat greater than the height of the P wave. The R wave is 
characterized by its steep rise and its sharp point and is a useful 
guide to early ventricular events. Its rise begins 0.12 to 0.18 
second after the rise of the P wave. The P-R interval is theoreti- 
cally the most exact estimate we have of the time taken for the 
impulse to be conducted from the sinus to the ventricle. It varies 
considerably, however, in different leads due to the fact that cor- 
responding waves do not rise simultaneously. This is well illus- 
trated in curves recently published by Williams in which Pi Ri 
= 0.13; PiiPii = 0.17 and PiiiPiii = 0.18 sec. The S depression 
is sometimes lacking especially in lead ///, where Lewis and 
Gilder observed its presence in thirty-one cases out of fifty-nine 
as compared with fifty out of fifty-nine in leads / and //. In some 
cases, apparently normal, it may be unusually deep. Kraus and 
Nicolai believe that such a deep depression is found especially in 
neurotic cases and have designated it the "neurasthenic wave." 
The entire Q R S group usually occupies a time interval of 0.08 
to 0.09 second. Certain variations of this group occur. Occasion- 
ally' it is very small (not more than one-third the size of T) and in 
other cases it is split. Lewis and Gilder observed this split more 
frequently in lead ///. It is difficult to give an exact interpreta- 
tion of these bifurcated waves nor is it possible to determine what 
portion corresponds to the Q R S constituent. 

The T wave is rounded in character and varies from one-fourth 
to two-fifths the size of the R wave in lead //. In lead /// the 
variation may be negative. 

The U wave following the T wave was present in three-fourths 
of Lewis and Gilder's cases, and in fully one-half of the records 
obtained by Einthoven. It is most frequently present in lead //, 
and is always very small. 
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The following table taken from Lewis and Gilder, showing the 
average height of the waves expressed in millivolts, may be of 
interest: 



Lead. 


P. 


Q. 


R. 


S. 


T 


U 


I. 


0.52 


0.51 


5.16 


2.06 


1.93 


0.07 


II. 


1.16 


0.73 


10.32 


2.23 


2.46 


0.16 


III. 


0.81 


0.86 


6.61 


1.73 


0.61 


0.06 



The following percentile relation in lead I given by Linetzky 
is a rougher statement of the relative height but a convenient one 
to bear in mind. 

P : R : S : T = 10 : 100 . 5 : 25. 

EfEect of Respiration. — The actual and relative size of the waves 
may vary with the phase of respiration. Einthoven believes that 
this is due neither to an action current developed by the contrac- 
tion of the respiratory muscles, nor to the changing resistance occa- 
sioned by enlargement of the chest. The nature of the changes 
depends on whether or not the heart is rhythmic. When the length 
of the cycle varies greatly it determines the effect on the individual 
waves. In the long cycles, the P wave is smaller, especially in lead 
///; R is larger and T smaller in leads I and II; but R is also 
smaller in lead III (Hoffmann). 

When cardiac variations are absent, there may or may not be 
variations in the amplitude of waves. When variations are present, 
the waves R, T are smaller during inspiration in lead / but larger in 
lead ///. This is due to the changing position of the heart, causing 
the electrical axis to become more vertical. This is illustrated 
by the following figures calculated from these respiratory variations 
by Waller: 

Angle of electrical axis with the vertical. 
Position. Inspiration. Expiration. 

Standing . . 29 degrees 45 degrees 

Sitting . . . .40 degrees 53 degrees 

Lying on back 39 degrees 50 degrees 

Effect of Body Position. — The position of the body modifies the 
waves. The S wave becomes larger when the body is shifted from 
the left to the right side. A change from a dorsal to a stomach 
position induces the same effect as expiration, probably because 
the diaphragm is pushed up. Slight changes in the waves often 
follow a change from a reclining to an upright sitting position. 
Sitting acts similarly to expiration by compressing the abdomen 
and causing an upward movement of the diaphragm. No difference 
in the record occurs between the "lying down" and the "propped 
up" positions in bed. 
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PATHOLOGICAL VARIATIONS. 

Changes in Arrhythmia. — The detailed ehanges found in various 
tNpes (jf lieart irreoularities will be more fully considered when 
each conflition is taken up. In general, three types of electro- 
cardiogram records help to differentiate the different forms of 
irregularities: (Ij The ivarrs may hi: pri'seut in thrir normal 
sequence hut with altered time relations. Thus, it is possible to 
ascertain the presence of a slowing of conduction time from sinus 
to ventricle when the P~R interval in lead // is greater than (1.2 
second and, similarly, a slowing of conduction thnnigh the ventricle 
is indicated by a lengthening of the Q It S gr(nip. During infec- 
tiims, a lengthening (if tlic P-R inter\-al ma\- be the fir--t e\'idence 
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KiG. 4.5. — Electrocardiogiani (lead ///) showing two premature right-sided 
systoles (A) and a premature left-sided systole of the ventricle (B) interposed 
between normal complexes. (Kindness of H. B. Williams.) 



of in\'(il\'enieiit of the cardiac muscle. In sinus irregularities and 
tachycardias, the waves follow in proper sequence but their rhythm 
or rate is altered. (2) Certain wares may he atjsent or present 
in excessive numher. Thus, in auricular flutter, when the auricle 
may attain a rate of 2(10 or 3(l(j per minute, the number of /^ waves 
between the ]>receding T and following R are greatly increased, 
while in auricular fibrillation, the typical /-" wa\'es are absent. 
In auricular extrasystoles the P, R and T waves may be entirely 
normal except for the fact that they occur prematurely. (3j 
Wares of irref/ular anrl unusual coutour may he preseuf. In 
auricular extrasystole, tlie J' w;ive m;iy be small, indented or 
negative. When the latter occurs it is l>elie\-c(l to be due to a 
contraction originating in the left auricle or in the coronary siiuis 
region. The chief forms of aberrant waves, however, are those 
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.that result when one ventricle is excited before the other. These 
waves in their general appearance resemble R waves but differ in 
that they are larger, occupy a longer time interval and are followed 
by a marked negative depression (Fig. 45). When the right 
ventricle is excited before the left, the waves are directed upward 
in leads // and /// but downward in lead I; while, if the left 
ventricle is excited first, they are positive in leads I and // and 
negative in lead ///. Waves of such form are found in ventricular 
extrasystoles, in heart block involving only one branch of the 
His-Tawara system and frequently with auricular extrasystole 
associated with a one-sided block. Finally, during auricular 
fibrillation, there appear, in place of the regular P waves, a series of 
characteristic movements of high frequency (300-800 per minute). 
These waves are again superimposed, in many cases, on undulations 
of longer period (50-60 per minute). (Fig. 85.) 

Other Changes Due to Heart Involvement. — It has already 
been indicated that a lengthening of the conduction time gives an 
early indication of the involvement of heart muscle. Aside from 
this phenomenon associated with irregular heart action, certain 
waves appear to be related to definite pathological processes. 
An enlargement of the P wave is an indication of auricular hyper- 
trophy. In cases of mitral stenosis when such waves are often 
one-fifth instead of one-tenth as high as the R wave, they are 
prolonged and often have a flattened or bifurcated top. A similar 
large P wave is observed when dilation or weakening of the left 
ventricle occurs. 

The nature of a cardiac enlargement determined by percussion 
may be better established by the electrocardiogram (Fig. 87). 
In hypertrophy of the right ventricle the Ri is usually directed 
downward while Rn is smaller than i?iii. In hypertrophy of 
the left ventricle, on the other hand, the Rni is directed downward 
while Rii is smaller than Ri. This is not due to the fact that any 
difference exists in the mode of generation of the current by the 
lead, but to the fact that when one ventricle enlarges there is a 
change in the electrical axis of the heart and consequently a change 
in the line of isopotential occurs. That this is the explanation is 
indicated by the fact that a change of the cardiac axis due to other 
causes gives the same result. Thus, in deep and forced respiratory 
movements, inverted R waves may be obtained and in authentic 
cases of situs inversus viscerum, in which the axis is reversed, the 
electrocardiogram is also exactly reversed. This inversion of waves 
in hypertrophy serves a useful purpose in differentiating in cases in 
which doubt exists as to whether dulness is really due to hyper- 
trophy. Since lateral displacements of the heart, such as accompany 
pleural or pericardial effusions, pneumothorax and lung involve- 
ments and which also give areas of increased dullness, do not 
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usually alter the angle of the heart; they give a normal type of 
electrocardiogram. 

A certain amount of caution should, however, be exercised in 
interpreting the inverted waves" as due to hypertrophy, for 
any change in the angle of the heart caused by upward pressure 
of the diaphragm brought about by an inflated stomach, abdominal 
growths or fluid, as well as by abnormal positions of the body may 
likewise give inverted waves. 

The amplitude of the R wave is no doubt occasionally related 
to the amount of current generated and, hence, to the degree of 
activity. Thus, in weak and dilated hearts this wave is often very 
small. That the amplitude of the R wave is, on the whole, not a 
reliable index of the vigor of cardiac contraction, however, is 
indicated by the fact that small R waves are often found in individu- 
als who, we have every reason to believe have strong heart action. 
Furthermore, extrasystoles, well-known to be weak contractions, 
give larger R waves than are normally found. Finally, there is 
some reason to think that the R wave is in no way associated with 
muscular contraction, at least with the contraction of those muscles 
which are concerned in the production of effective systoles. 

The size of the T wave has, with perhaps more reason, been 
regarded as an index of the cardiac power. Thus, Lewis points 
out that a large T wave occurs in cases which possess vigorous 
heart action (e. g., in goitre cases and in animals after asphyxia). 
The fact that the T wave is small after weakening influences as 
chloroform, poisons or hemorrhage, has led some investigators to 
consider a small T wave an indication that a weak action of the 
ventricle exists. Kraus and Nicolai state that if this wave is 
negative it means in 80 per cent, of cases that a dangerous condition 
is present. The fact (Samojloff, Lewis) that a negative wa^'e 
sometimes occurs in apparently normal men, however, lessens its 
diagnostic significance. Lewis, however, points out the significant 
fact that a negative wave is never found normally in leads / or //, 
but is common in lead III. 

Use of the Electrocardiogram to Detect Valvular Lesions. — 
Obviously the electrocardiogram can give no direct evidence of 
the existence of valvular lesions. It has been shown, however, 
that hypertrophy of the left ventricle is usually associated with 
known cases of aortic insufficiency and arteriosclerosis, whereas 
right-sided hypertrophy accompanies congenital pulmonary lesions 
and mitral involvement. By detecting the presence of these 
hypertrophies, the electrocardiogram may draw attention to 
unrecognized valvular lesions as well as confirm a diagnosis pre- 
viously made by auscultation. This is very important, as it is a 
well-known fact that generally no presystolic murmur occurs in 
mitral stenosis when the auricles are fibrillating. It is also often 
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valuable in clearing up a doubtful interpretation of murmurs. 
For instance, suppose a patient has a diastolic aortic murmur 
combined with a presystolic murmur at the apex, as is so common. 
The question arises whether the presystolic murmur is due to a 
condition described by Flint, or whether an actual mitral stenosis 
exists. If a right-sided hypertrophy is shown by the electrocardio- 
gram the diagnosis of mitral stenosis can quite safely be made. 
Again, suppose a murmur is heard in the second interspaces of a 
child's chest in which sounds are widely transmitted. It is difficult 
to ascertain by auscultation whether the murmur is produced in 
the pulmonary or aortic area. The type of hypertrophy indicated 
by the electrocardiogram would clinch the diagnosis. (Lewis.) 

One of the most important services of the electrocardiogram 
consists in its ability to supply evidence as to the condition 
of the heart muscle, for it is well understood that heart failure 
depends as much on the condition of the cardiac muscle, brought 
about by the same toxic or infectious agent that is responsible 
for the leak, as on the dynamic changes produced by the leak 
itself. 

If, in cases of valvular disturbance, the electrocardiogram shows 
a normal conduction time, if the chambers react in normal sequence 
and the waves are of relatively normal amplitude, the cardiac 
muscle may be considered as practically uninjured and the prog- 
nosis is good. If, on the other hand, the conduction time is length- 
ened, the impulses blocked and the heart beat irregular, the efficiency 
of the circulation is impaired and the probability of an efficient 
compensation is less. 

LITERATURE. 

Literature Dealing, with Capillary Electrometer. 

Bayliss and Starling. Month. Internat. Jour, of Anat. and Physiol., 1892, ix, 256. 
Garten. Arch. f. d. ges. Physiol., 1902, Ixxxix, 613. 

Kolliker and MilUer. Verhand. d. physiol. med. Gesellsch. in WUrzburg, 1856, 
vi, 528. 

Waller. Jour. Physiol., 1887, viii, 227. 

Books and Pamphlets Dealing with the Electrocardiogram. 

Hoffmann. Die Electrocardiographie, 1914, Bergman, Wiesbaden. 
Kahn. Das Electrocardiogram, Ergebnisse der Physiol., xiv, 1914. 
Kraus and Nioolai. Das Electrokardiogram des Gesunden u. Kranken Menschen, 
Leipsig, 1910. 
Lewis. Mechanism of the Heart Beat, 1911, London. 
" Clinical Electrocardiography, 1913, London. 

" Lectures on the Heart, 1915, New York. 

Samojloff. Das Electrocardiogram, Samling Anat. u. Physiol., Vertrage, F. Fischer, 
Jena. 



LITERATURE 173 



Bibliography Dealing with the Construction, Methods and Principles of Using the 
Electrocardiograph. 

Clements. Ztsehr. of Biol., 1912, Iviii, 110. 
Einthoven. Arch. f. d. ges. Physiol., 1908, cxxii, 517. 

Ibid., 1907, cxvii, 461. 

Ibid., 1909, cxxx, 287. 

Arch, internat. de Physiol., 1906, iv, 132. 

Lancet, 1912, i, 853. 
Fahr. Ztsehr. f. Biol., 1914, Ixiv, 61. 

Garten. Tigerstedt's Handbuch der Physiol., Methodik, i, 65, 1911. 
Lewis. Phil. Tr. Roy. Soc. London, ser. B, ccii, 377. 

Records and Interpretations (Normal and Pathological). 

Eiger. Arch. f. d. ges. Physiol., 1913, eli, 1. 

Einthoven. Arch. f. d. ges. Physiol., 1908, cxxii, 517; 1909, cxxx, 287; 1910, cxxx, 
139; 1912, cxlix, 65. 
Einthoven, Waart, Fahr. Arch. f. d. ges. Physiol., 1913, cl, 275. 
Eyster and Meek. Arch. Int. Med., 1913, xi, 204. 
Bering. Arch. f. d. ges. Physiol., 1913, cli. 111. 
Hoffman. Arch. f. d. gesam. Physiol., 1910, cxxxiii, 552. 
Lewis. Lancet, 1909, i, 382. 

Heart, 1909, i, 262; 1910, ii, 750. 

Brit. Med. Jour., 1910, i, 570. 
Meek and Eyster. Amer. Jour, of Physiol., 1912, xxxi, 31. 
Mines. Jour, of Physiol., 1913, xlvi, 188. 
Mines and Dale! Jour, of Physiol., 1913, xlvi, 319, 349. 
Pardee. Jour. Amer. Med. Assn., 1914, Ixii, 311. 
Pribram and Kahn. Deutsch. Arch. f. klin. Med., 1910, xcix, 479. 
Redfisch. Berl. klin. Wochnschr., 1910, i, 1186. 

Samojloff and Steshinski. Milnchen. med. Wchnschr., 1909, Ivi, 1942. 
Seemann. Ztsehr. f. Biol., 1912, hx, 53. 
Steriopulo. Ztsehr. f. exper. Path. u. Therap., 1909, vii, 467. 
Waller. Proc. Roy. Soc. of Lond., 1912-13, Ixxxvi, 507. 
Williams. Amer. Jour. Physiol., 1914, xxxv, 292. 

Clinical Uses of the Electrocardiograph. 

Eppinger and Stoerk. Ztsehr. f. klin. Med., 1910, Ixxi, 157. 
Herzig. Deutsch. Arch. f. klin. Med., 1912, cv, 234. 
Lewis. Lancet, 1909, i, 382; Heart, 1909, i, 262. 

" Heart, 1910, ii, 23. 
Linetzke. Ztsehr. f. exp. Pathol., 1911, ix, 669. 
Pribram and Kahn. Deutsch. Arch. f. klin. Med., 1910, xcix, 479. 
Strubell. Zentralbl. f. Herz. u. Gefass-Krankh., 1912, Nr. 5. 

Verb. d. XXVI Kongr. f. inn. Med., Wiesbaden, 1909, p. 623. 
V. Wyss. Deutsch. Arch. f. klin. Med., 1911, ciii, 505. 



CHAPTER XIII. 

HEART SOUNDS AND MURMURS— THE 
PHONOCARDIOGRAM. 

The Three Heart Sounds. — Since the time that the two heart 
sounds were first recognized by Harvey and their use in diagnosis 
suggested by Laennec, they have offered a fruitful field of investiga- 
tion and study for physicists, biologists, and clinicians alike. The 
first sound as is well known is deeper in pitch and more booming 
in character, also of longer duration than the second; and, according 
to Haycraft, separated from it by a musical interval of a minor 
third. Recent investigation of the sounds has shown, however, 
that this must be an auditory delusion and, according to Frank, 
such statements should be promptly deleted from current text- 
books. Einthoven also has pointed out the impossibility of giving 
the sounds a position in a musical scale since they are composed 
of vibrations of irregular frequency, and therefore belong in the 
same category as murmurs. 

For years clinicians have recognized that in pathological con- 
ditions three sounds may be heard due to a splitting or reduplication 
of the first or second sound. Only recently, however, Gibson in 
England and Thayer in America have independently reported that 
in normal subjects a third sound can be detected. This sound, 
though clear, is of lower pitch than the second and much softer 
than the first (according to Einthoven 200 times). Einthoven, 
Thayer and others believe its occurrence is quite frequent in young 
adults (65 per cent, of cases, Thayer) but it is audible only at the 
apex and when the patient lies upon the left side. The observations 
of other clinicians (personal communications) and the records of 
other investigators (Lewis) make it seem probable that its presence 
is not as common as at first supposed. 

The Relation between Cardial and Thoracic Sounds and Murmurs. 
— Passing over a discussion as to the cause of the sounds, we 
may briefly consider, first, the probable relation existing between 
the vibrations actually produced within the heart and those heard 
over and registered from the thoracic wall. Physically, heart 
sounds are vibrations of the heart walls, valves, blood columns, 
and arteries. In accordance with physical laws, these vibrations 
are transmitted best by solid contact, less well by liquids and least 
efficiently by gases. Other factors being equal, they are heard 
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best where direct contact with the chest wall occurs (apex) or where 
the least air-space intervenes (base). For this reason, also, they 
are transmitted through the fluid in the veins and arteries to the 
supraclavicular spaces and may be here recorded (Figs. 27, 34, 38). 
The intensity also varies with the distance from the origin of the 
sound, hence, the second sound clearly originating at the semilunar 
valves, is louder in the second interspaces and very soft or scarcely 
appreciated by the ear in the supra-clavicular fossse. Lastly, 
the intensity of the sound is largely determined by the vibration 
periods and damping of the structures which transmit them. 
Structures in which the period of vibration corresponds closely to 
that of the sounds are thrown into resonant vibration and accord- 
ingly transmit them more loudly. Before the vibrations recognized 
as heart sounds are auscultated they are transmitted to the chest 
wall. In what manner the chest wall, by the addition of its inherent 
or other mechanical vibrations, may modify the recorded frequency 
or pitch; or, how it may change the amphtude or intensity by its 
resonance, are questions that cannot be answered satisfactorily 
at present. That the thoracic wall has a pronounced modifying 
influence, however, even if we regard it as sufficiently damped to 
add no vibrations of its own, is probable from the one fact alone 
that its own period is probably not high enough to transmit cardiac 
vibrations faultlessly (Ohm). In support of this, the writer has 
found that the vibration frequency of sounds recorded from the 
■supraclavicular region in normal and pathological cases does not 
correspond exactly with those taken from the chest. It is question- 
able, therefore, whether the vibrations recorded from the chest — 
even when the direct contact of the receiver is avoided — or the 
sounds and murmurs heard by the ear directly are identical with 
the vibrations originating in the heart. 

The Possibilities and DifSculties of Sound Perception in Ausculta- 
tion. — ^The heart sounds transmitted to the chest wall are made up 
of vibrations, the period of some of which lies not far above that to 
which the ear mechanism is incapable of responding. Owing to the 
fact that their amplitude is also small and the intensity thereby 
greatly reduced it is in fact questionable whether some of them are 
audible (Einthoven). It should of course be recognized that auditory 
acuteness varies not only in difl'erent individuals and depends on 
the bodily or physical condition (Winkelman); but, also, that it 
can be improved by training. At its best, however, the average 
ear is not able to distinguish fine differences in tone (Gerhartz) 
and when sounds recur rapidly it is not always able to give their 
correct temporal relation. When several types of vibration, as 
those causing a sound or murmur, intermingle, the ear, according 
to inclination or training, tends to pick out the one and fails to hear 
the other (Lewis). It must therefore be recognized that, although 
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long strides can be made by practice and training, the ear alone is 
far from being a perfect instrument. 

Various attempts have been made by the invention of stetho- 
scopes to intensify the sounds and so aid the ear in sound percep- 
tion and differentiation. In the simple form of binaural stethoscope 
in which a funnel-shaped or bell-shaped cup is applied tightly over 
the skin, a series of sound reflections occur from the smooth walls, 
but the effect does not materially intensify the sound vibration. 
Such an instrument is simply a convenience for the auscultator, not 
a sound intensifier. It has been attempted to intensify the sounds 
by giving the receiver a parabola shape upon the physical principle 
that the sound waves vibrating parallel to the axis are concentrated 
at the focus and so conducted without appreciable loss. Stetho- 
scopes with such receivers have not been found satisfactory as 
intensifiers of heart sounds. According to Gerhartz, this is due to 
the physical fact that the sounds or murmurs are not transmitted 
parallel from their point of origin, but are deflected in the process 
of passing through the blood and tissues to the point of auscultation. 

The most effective method employed in increasing sound vibration 
consists in the use of a receiver closed by an unyielding disk as in 
the phonendoscope and the Bowles stethoscope. This converts 
the system into a resonator and the sounds are accentuated because 
the air space is set in vibration. The inherent vibration of these 
instruments is high and, according to Ohm, they have a favorable 
decrement. So from a physical view-point, their construction seems 
advantageous. Einthoven, Frank and Ohm, all authorities in 
matters pertaining to sound registration, have employed them to 
intensify sounds before registration. The apparatus has made an 
unfavorable impression among clinicians, however, partly because 
it often fails to pick up high tones which are perfectly evident to 
the ear, and partly because it does not reproduce the quality of 
the original sound. This is due to the fact that the amplitude of 
some vibrations is increased out of proportion to that of others (Ger- 
hartz). The original vibrations of small amplitude may have their 
amplitude increased while those of larger amplitude may be almost 
suppressed. 

The heart sounds may also be intensified by an instrument 
combining a microphone receiver in circuit with a telephone ear- 
piece. The microphone-telephone apparatus works upon the 
well-known principle that when loose carbons are brought into 
contact with a membrane and a current passes through them, the 
resistance is modified as the contacts change with the membrane 
oscillations. These variations in the current, affect the magnetic 
field in a telephone receiver and so, by altering the attraction of 
the magnet for the disk, cause it to vibrate. These instruments, 
however, totally destroy all the qualities of heart sounds, and 
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it is questionable whether they are rehable to determine more than 
the presence and time relations of sound phenomena. 

The clearness with which sounds and murmurs over the chest are 
heard in auscultation depends also on the application of the stetho- 
scope bell (Sewall, Emmerson). It has been already indicated 
that the resonant vibrations of the chest wall add materially to 
their intensity. If the stethoscope is firmly pressed against the 
chest wall it is damped and certain sounds and murmurs may 
become inaudible. This principle is better recognized in ausculting 
for fetal heart sounds than in listening over the thorax. 

REGISTRATION OF HEART SOUNDS AND MURMURS. 

In the registration of heart sounds it is the endeavor to supplant 
the ear-drum bv some mechanism which is more sensitive and at 
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Fig. 46. — Diagram showing the arrangement of the electrocardiograph and 
microphone to record heart sounds by Einthoven's method. 



the same time gives a permanent and objective record of the sounds. 
Of the numerous devices that ha\'e been designed to accomplish 
this, it will be possible to describe, briefly, only those that have been 
most generally accepted. 

Einthoven's Phonocardiograph (Fig. 46). — Einthoven registered 
the sounds by placing a microphone in circuit with a string galvano- 
meter. In detail, the bell of a stethoscope fastened to the chest 
by adhesive is connected by rubber tubing about 75 centimeters 
long to a suspended microphone. In the system an adjustable 
opening guarded by a valve is introduced. By opening the valve 
to a certain degree the system operates on the principle of the 
tachygraph (Frank) eliminating the relatively slower oscillations 
of the apex while the more frequent sound vibrations continue 
to be transmitted. The transfer of microphone oscillations to 
12 
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the string galvanometer is accomplished by placing in circuit with 
the microphone and battery a primary coil without a cofe and a 
rheostat of approximately 70 ohms resistance. The current 
induced in the secondary is communicated to the galvanometer. 
The intensity of this current can be varied by the distance between 
the primary and secondary coils and also by the resistance intro- 
duced by the rheostat. The registration of the string movements 
occurs as described for the electrocardiogram. Instead of the string 
galvanometer a suitable form of oscillograph may be substituted 
(Watson and Wenyss). 

Critique. — The oscillations obtained by Einthoven's method 
are so characteristic and variable as to create the impression that 
they are recorded in a perfect manner. There can be no question 
that the string used by Einthoven had a vibration period far in 
excess of that necessary to accurately record heart sounds. This, 
however, does not follow in the case of heart sound records taken 
by every string galvanometer. Fahr has recently shown that the 
vibration frequency of the string must be ten times greater than 
that of the vibrations recorded if the error is to be not greater than 
2 per cent. It is apparent, therefore, that with a string vibrating 
500 times per second the vibrations exceeding 50 per second will 
be reproduced less accurately. Furthermore, Frank pointed 
out that the vibration frequency of the microphone system which 
is also concerned in sound transformation, in no way equals that 
of the string. Furthermore, the transmutation of direct electrical 
variations to those of the secondary circuit where changes in inten- 
sity play a predominant role, introduces a possible source of error 
in the absolute registration of sounds. 

These shortcomings, however, are minimal as compared with those 
of other methods at present available and, hence, this procedure 
remains the best when its physical as well as its practical aspects 
are considered. The only practical drawbacks are the expense, 
the bulk of the apparatus involved, and the technic required for its 
manipulation. 

Registration by Frank's Segment Capsules (formerly called Herzton 
Capsules). — Frank sought to record the sounds, directly from the 
chest wall and accordingly endeavored at first to reconstruct a 
registering capsule upon the physical principles of the human ear- 
drum. With this instrument he was partly successful in directly 
recording sounds transmitted by a stethoscope bell and tubing. 
Upon practical grounds, the instrument was finally given the definite 
form of a segment capsule the shape and mounting of which has 
already been described (Fig. 26). The capsules are covered by 
very thin rubber dam or, as was suggested by Weber, with mesentery 
from a guinea-pig. Upon this membrane is fastened a mirror 
connected to a light trapezoid plate which moves upon the chord 
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side of tlif ca])sule. The rec(jr(ls are obtained \>\ ijliotographiiiK 
on a moviiifi film the l)and of a Xernst H<;ht focused on the mirror. 
Tiiis capsule is directly conncct<-il liy a piece of rubber tubing 
(about 7(1 cm. lonj;) haxing an adjustable side (jpening, to a stetho- 
scope bell or preferably a phonendoscope applied directly to tlie 
chest. When the side tube is closed there is recorded a large 
record of the apex beat superimjwsed upon which are the heart 
souiiil \-ibrations (l-'ig. 47). In some respects this represents the 
ideal form of record for in this wax the time relations of the sounds 
to the apex beat are directly establislied and the scnuids heard by a 
closed system represent the sum total of impact and sound oscilla- 
tions. To rule (ait the larger oscillations the procedure of Eintho^'en 
is ina<le use of, namely, to partly open the s\'stem to the external 
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l"io. 47. — Heart sounds superimposed on apex tracing (upper) recorded siinul- 
laiieously with supraclavicular venous pulse (lower), c, initial vibrations: c', ^■al\o 
\ibrations; s-, second sound also shown transmitted to jugular. 

air. By this procedure records have been obtained by Frank and 
Hess as well as Edens which resemble in many details those obtainc(l 
b\ the string galvanometer and leave no doubt from their general 
character that they are true heart sounds (Fig. 37). 

Ill l!)lo, Brdemser and Frank described a new apparatus for 
recording sounds. It consists of a capsule covered witii a very 
thin piece of isinglass, upon the most expansible part of which a tiny 
mirror (1 mm. diameter) is placed. Damping is secured by placing 
very close to the internal surface of the membrane a damping 
])late with a \cry tiii>- o])ening. The adaptability or superiority 
of this apparatus for rc(;ording heart sounds has not been re])orted 
upon. 

Critique. — The viljration frecjuency of the cajjsules themselves 
is siifKcienth' high and their theoretical analysis has been carried 
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out so that they themselves are not open to criticism. The chief 
drawback consists in the fact that, when the system communicates 
with the outside air the use of a phonendoscope is necessary, for 
otherwise the capsules are not sufficiently sensitive to respond to 
the heart sound vibrations. The use of a phonendoscope is justified 
by Ohm on the ground that its inherent vibration is high and it has 
a favorable decrement. Gerhartz, however, points out that it 
acts as a resonator and so its employment is fraught with some 
suspicions as to its accuracy in depicting heart sounds. Gerhartz, 
further questions whether, by opening the communicating tube 
partially to the outside air, it is possible, to obtain sound records 
that are absolutely free from mechanical vibrations. Whether 
or not it is possible to do this depends on the sensitiveness of the 
recording membrane and the size of opening permitted in the side 
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Fig. 4S. — Diagram showing Ohm's apparatus for recording heart sounds. 



tube. That it is possible to obtain such records when the sounds 
are loud and clear in thin-chested individuals is evidenced by the 
fact that they rise from the same base-line and oscillate to each end 
of this line (Fig. 37). On the other hand, there is no doubt that 
this cannot be accomplished when the sounds or murmurs are weak 
and distant or when the chest wall is even moderately thick. In 
order to obtain any record in these cases, it is necessary to close the 
side tube considerably in which case mixtures of mechanical impacts 
and sound vibrations are evidently recorded. 

Registration with Ohm's Gelatine Membranes. — The apparatus 
devised by Ohm is shown in Fig. 48. The vibrations are reproduced 
by a gelatine film made by dipping a ring (Q) into a gelatine solution 
and allowing it to cool. A small mirror which reflects a band of 
light, as in the case of Frank's capsules, is mounted centrally on 
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the gelatine by a narrow strip of very thin paper fastened per- 
ipherally to the ring. The damping of the membrane may be 
varied by slipping the chamber K over the closed tube R and so 
varying the depth of the capsule chamber. The membrane is 
protected by approximating the movable tube Ri to the tube R. 
Tube Ri is connected by tubing with a phonendoscope which is 
not directly in contact with the chest wall but mounted upon a 
hard wooden base ^ centimeter in thickness. The idea is to elimi- 
nate all the coarser vibrations due to the cardiac contraction and 
kick. 

Critique. — Since the apparatus is familiar to the writer only 
through its description, it is difficult to give a critical analysis, 
especially since no details as to its parts are given. The fact that 
it has (according to Ohm) a vibration frequency of two hundred 
and a sensitiveness sufficient to yield records of such amplitude 
as are reproduced by Weber and Wirth are in its favor. The 
arrangement of the mirror is theoretically less desirable than that 
of Frank's capsule. 

Registration with Gerhartz's Apparatus. — In the apparatus of 
Gerhartz an attempt is made to prevent the cardiac impact by the 
use of a conical receiver closed below by a wooden diaphragm (4 
millimeters thick) which is perforated with very small holes. The 
vibrations are transmitted by rubber tubes without the employ- 
ment of a phonendoscope to a coUodium membrane, 20 millimeters 
in diameter. The oscillations are transmitted by a bamboo splinter 
resting in a holder to a tiny steel platelet, oscillating by two needle 
points in holes of the magnet poles. Upon this plate a tiny mirror 
is fastened and by varying the relation of the two electro-magnetic 
poles, the position of the mirror is altered. Since the electro- 
magnet causes its return to a position determined by the lines of 
magnetic force, its movements are electromagnetically damped. 
The movements of the mirror are photographed by reflecting a 
band of light as shown in other apparatus. 

Critique. — Gerhartz gives no data as to the constants of his 
apparatus nor has its inherent vibration frequency apparently 
been established. One would judge its period to be low from the 
appliance used to communicate the membrane movements to the 
mirror. No details are given as to the grade of damping. Much 
that applies to the discussion of the apparatus of Weiss very possibly 
also applies to this apparatus. It has furthermore the serious 
drawback, which Gerhartz himself points out, that the oscillations 
are recorded in insufficient amplitude for careful study, while the 
records obtained are technically so poor that they cannot, as a rule, 
be reproduced in illustrations. Gerhartz' illustrations are therefore 
nearly all copies, in the making of which, extreme care was evidenth 
not always exercised. 
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Registration with Weiss' Phonoscope. — The central portion of 
this apparatus consists of a metal box, on one side of which is a 
plate containing in its centre an opening. This is covered by a 
film of soap. The roof supports a delicate lever of silvered glass 
the vertical arm of which is bent horizontally. The end of the 
horizontal arm terminates in a small loop which is brought into 
contact with the soap film by an adjustment screw. The vibrations 
of the soap film are transmitted to the horizontal arm of the glass 
lever and the similar movements of the vertical arm are recorded 
by projecting its shadow upon a photokymograph. The heart 
sound vibrations are transmitted to the membrane from a funnel 
which is not in direct contact with the chest but, to avoid the cardiac 
impact, is suspended by a holder fixed to the chest so that its free 
end is separated from the chest wall. 

Critique. — The apparatus is evidently very sensitive and, as 
used by Weiss and Joachim, Bull, and others, has yielded records 
of very respectable amplitude. Even fetal heart sounds have 
actually been recorded by Hofbauer and Weiss. The introduction 
of this instrument has given rise to the liveliest discussion, not 
only as to its ability to reproduce heart sounds, but also as to the 
principles upon which sound registry apparatus should be con- 
structed. Inasmuch as these principles are of general application, 
the discussion may be briefly reviewed. 

Frank, who has studied the subject most thoroughly, has empha- 
sized the fact that the sound vibration can be accurately reproduced 
only by an apparatus, the inherent vibration frequency of which 
exceeds that of the sound to be recorded. When this requirement 
is not fulfilled, the curves are distorted by friction and inertia and 
must be corrected by laborious procedures. When it is fulfilled 
and the instrumental period is known, damping is not essential 
or should be present only to such a degree that the instrument is 
not quite aperiodic. If the damping is greater assurance must 
be had that the deflection period remains less than the interval 
required for the smallest deviation to take place. Frank believes 
that the records obtained by Weiss' apparatus are nothing more 
than the inherent vibrations of the glass lever which has a fre- 
quency of 22 per second. In support of this he cites the fact that 
the periods of different sound vibrations are nearly the same and 
show only a small decrement. Weiss has replied to this that, in 
the first place, the period of the lever is calculated too low by 
Frank, and in the second place, that this is of no great importance, 
since the instrument was damped more than sufiicient to render it 
aperiodic and its deflection time was 0.01 of a second. 

Herman pointing to the success of the phonograph, has opposed 
Frank's contentions that a vibration frequency in excess of that of 
the oscillations is necessary, provided the instrument is damped 
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enough to render it aperiodic. According to this doctrine it would 
be possible to increase the sensitiveness and obtain larger oscillations 
in the recording membrane through resonance, by selecting a 
membrane the inherent frequency of which approximates that of 
the process to be recorded. Frank has subsequently definitely 
denied the physical soundness of this principle and has pointed out 
that nothing is gained, as far as accuracy is concerned by an extreme 
degree of damping. Furthermore, he states that an examination 
reveals the fact that this principle has never been successfully 
applied to any sound recording device, neither the phonograph 
nor the ear-drum being modeled upon it. 

We may conclude, therefore, that the most that can be hoped 
for from Weiss' phonoscope is that it records with approximate 
correctness the occurrence and time relations of the different 
sounds. Upon the period and amplitude of the vibrations no 
reliance can be placed. 

A much better principle of rendering soap film vibrations visible 
was devised by Garten, who supported a tiny splinter of steel on a 
very tiny soap bubble, centred it by a magnetic field and recorded 
the movements of its shadow on a photokymograph. Its practical 
value in registering heart sounds has not been established. 

NATURE AND TIME RELATIONS OF PHONOCARDIOGRAMS. 

The records of heart sounds may be designated as phonocardio- 
grams. ReHable information concerning their detailed nature is 
still restricted to the relatively few contributions of phonocardio- 
grams with the apparatus of Einthoven, Frank, and Ohm. 

The two most unanticipated facts regarding the heart sounds 
which the phonocardiogram reveals are (1) that they are not sounds 
in a musical sense and (2) that their vibration frequency is very 
low. The records of Einthoven, Frank, Fahr, Lewis, and others, 
all show that in each sound, vibrations of different periods and 
amplitudes occur, indicating that it is a mixture. As Einthoven 
points out, these composite vibrations differ in different individuals 
but recur exactly from one cycle to the other in any one person. 
Gerhartz calculated the average frequency per second from Ein- 
thoven's curves to be 39.4 for the first sound, 47.5 for the second, 
and Einthoven gives 50 for the third. Frank and also Lewis find 
the average vibration frequency to be near 40 per second, although 
the latter observer has noted a vibration frequency of 70 per 
second in the first sound and one as high as 86 in the second. 
According to Lewis, sounds have, as a rule, a lower frequency than 
murmurs, which vary from 41 to 107 per second. Fahr reports 
that the regular vibrations of the first sound are definitely preceded 
by others of slower frequency and lesser amplitude, which he 
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designates "initial vibrations." The writer haw observed similar 
vibrations in sound records superimposed on ajjcx tracings (rj. 
page 151, Figs. 38 and 47). 

As regards amplitude, the vibrations ccjmposing tlie first sound 
a\'erage larger than those of the second, although it is often difficult, 
on account of their irregularity, to express an ofl'-hand opinion 
upon this point. Lewis states that the oscillations composing the 
first sound generally increase in crescendt) fashion and later decrease, 
while in the record of the second sound they are entirely dccresendo 
in character. This is often, tliough not always true in the records 
taken with Frank's capsules (cf. Figs. 'S7 and 49). 

The following table indicates the average fluration in seconds, 
found by different observers for the two heart sounds recorded from 
the apex: 
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Fig. 49. — Simultaneous recoiiK nl ( li r tincunliut^ram and hoart sounds showing 
relation of latter to waves ot tin ( !m 1ii)e;n-dioo;r:uii. fT'ourtesj' of Dr. H. B. 
Williams.) 
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.0.34-. 039 


.043- 044 
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In comparing the records taken from the second intercostal 
space and the apex, investigators have found that the first sound 
is usually shorter in the first locality, and that a delay varying 
from 0.02 to O.OG second usually occurs before tlie sound begins 
at the second intercostal space. Fahr suggests that this delay is 
due to the fact that the initial vibrations can usually not lie detected 
in the aorta or pulmonary areas, either liecause the current in the 
microphone circuit cannot be made sufficiently intense or because 
they cannot be separated from certain accidental vibrations nearly 
always present. 
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The time relations of the sounds to the carotid rise, the intra- 
ventricular pressure (in experimental animals) and to the waves of 
the electrocardiogram have been frequently investigated. The 
results obtained by several men are gathered in the following 
table: 

I Sound. II Sound. 





Before 


After rise 


After rise of 


After 


After end of 




carotid 


of R wave, 


intravent. 


carotid 


T, electro- 


Author. 
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Einthoven (man) 


.16 
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Weiss (man) 
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Frank (dog) . 
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Gerhartz (man) 


.042 
.133 
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Kahn (man) 


. .067 


.028 
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Wiggers (man) 
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.005-. 01 


Wirth (dogs) 


— 


— 


.025 


— 




Roos (man) 


.06-.09 


— 


- 
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— 



As may be anticipated the relations of the sounds to the carotid 
rise are very variable. The most satisfactory method of determin- 
ing this relation and the one which is automatically corrected for 
conduction time is to record them by Frank's capsules, superimposed 
upon the venous and arterial pulses from the supraclavicular region 
(Figs. 27, 34, and 47). The average of a number of such records 
indicates that the first sound occurs before the subclavian rise by 
an interval of 0.116 second, while the second sound begins 0.24 
second after the primary rise and 0.035 second after the beginning 
of the incisura or beginning of diastole. The comparison with 
the intraventricular pressure, notably as carried out by Wirth and 
Weber, shows clearly that the first sound begins very shortly after 
the beginning of the isometric period and continues into the time 
of the ejection period. The second sound, however, does not begin 
until the relaxation has been under way for a short interval. 

Of extreme interest has been its relation to the electrocardiogram 
(Fig. 49). Investigators are agreed that in man the sound begins 
a short interval (0.01-0.03) after the R wave begins to rise. This 
has been interpreted to mean either that the early contraction of the 
ventricle causes no sound, or that the R wave is not an accom/paniment 
of actual contraction but of conduction. The relation of the sounds 
to the intraventricular pressure distiwctly favors the former view. 



THE CAUSE OF THE HEART SOUNDS. 

Before discussing in what directions the registration of heart 
sounds by modern methods has aided in interpreting their cause, 
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it is desirable to recall the accepted conclusions as to their origin. 
The views generally held are those propounded before the British 
Medical Society by the appointed committees. These are: that 
the first sound is due to the combined vibrations of the contracting 
ventricle and auriculo-ventricular valves and possibly also the 
semi-lunar valves; that the second sound is entirely due to vibrations 
of the closing semi-lunars.^ , These views have been many times 
attacked by physicists, physiologists, and clinicians alike. 

In regard to the first sound, discussion still centres about the 
question as to whether the muscular contraction per se is really 
concerned in its production {cf. e. g., Pezzi, Quain, etc.). It has 
been pointed out that the heart muscle does not give a tetanic 
contraction and is therefore incapable of producing a sound; that 
the experiments of Ludwig and Dogiel and others of a similar 
nature are fallacious since the sound recorded may have been 
produced in some cases by the friction of the heart with the fluid in 
which it is suspended, in other cases by its direct frictional efl'ect 
upon the stethoscope (Quain). 

Much help is obtained from the registration of heart sounds in 
answering these questions which are of practical as well as scientific 
interest, since upon them hinges the question as to whether the 
intensity of the first sound aids in ascertaining the condition of the 
cardiac muscle. From the established facts: (1) that the first 
sound begins early in systole (electrocardiogram), (2) that it 
follows closely upon the closure of the semilupai: valves, (3) that it 
begins shortly after the rise of tension in the ventricle and gains 
its maximum amplitude (Wirth and Weber) during this period, 
(4) that it becomes decrescendo during the ejection period — all 
discussions as to the exact time relations of the sound are settled. 
Opinions such as those expressed by Pezzi, that the first sound 
begins late in systole together with the ejection period, hence is 
largely valvular, can no longer be accepted. 

A greater field of usefulness still awaits the phonocardiogram 
in answering fundamental questions such as: whether heart 
muscle is able to give a sound in contracting and whether, in excised 
hearts, the vibration frequency is really modified when valves are 
damaged and when pressure relations are changed. 

In regard to the second sound, two questions have been discussed, 
namely, is it a late systolic or an early diastolic event and is it 
produced by the closure of the valves itself? Exact registration 
has shown that the second sound occurs at a distinct interval after 
the T wave, i. e., when ah evidence of muscular contraction has 
passed and also appreciably later than the sudden diastolic drop 
in the intraventricular (Piper), aortic (Frank), and supraclavicular 

' For a clear presentation of the evidence upon which these views are based, see 
Tigerstedt Physiol, des Kreislaufes, Leipsig, 1893, p. 55. 
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curve (Wiggers). It is plain, therefore, that the second sound is 
not a systoHc event, as even recently claimed by Bocci, but is dis- 
tinctly an early diastolic affair. 

Three possibilities as to the cause of this sound have been dis- 
cussed: (1) that the reflection of blood behind the valves and the 
elastic recoil of the aorta late in systole cause the valves to vibrate 
(Faivre and Chaveau), (2) that after their closure the sudden 
diastolic tension throws the valves and the column of blood into 
vibration, and (3) that the valves themselves are a minor factor 
but that the blood column vibration following the closure is the 
principal cause. 

It is highly probable in the light of the reported time relations 
that the closure of the valves itself is accomplished without a sound 
but that the vibration of the blood column and valves following 
the sudden closure are concerned largely in the sound production. 

Even if elementary facts and theoretical considerations must 
probably always combine in moulding our views concerning the 
heart sounds, it may be pointed out that the greater the definite 
information we obtain, the more exacting will be the facts with 
which theoretical ideas must harmonize before they are elevated 
to the plane of the plausible. This may be illustrated by a 
recent occurrence. Hiirthle and Weiss believed that they recog- 
nized early vibrations in their records which they explained 
as due to auricular systole. Fahr who obtained more definite 
evidence of their existence concluded that, as they occurred only 
0.02 to 0.04 second before the others, they could not be attri- 
buted to an auricular event occurring from 0.12 to 0.18 second 
before. He therefore suggests that they are associated with the 
isometric rise of tension in the ventricle and are probably synchron- 
ous with the "Vorschwingung" of the aortic pulse. In making 
this suggestion, Fahr was at the disadvantage of not having intra- 
ventricular tracings as a guide, for they show that the vibrations 
due to Valve closure appear in the records before any appreciable 
elevation of pressure has occurred. Hence this explanation is 
also untenable. It is more probable, however, that they are in 
some way associated with the early shifting in position of the heart, 
or, possibly they are due, as Fahr alternately suggests, to the 
vibrations of the chordae tendinse. 

We are now in a position to postulate a view as to the cause 
of the two first heart sounds which is, as far as the writer knows, in 
accord with the recent facts established by the graphic method. 

When the ventricle begins its contraction its position changes 
and the papillary muscles contract. Either of these events may 
produce the initial vibrations of the first sound, which, if audible, 
are extremely feeble. As soon as the ventricular pressure is raised 
to an equivalent of a few millimeters of mercury, the a-v valves 
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close synchronously without a sound. Following this closure and 
during the isometric period when all valves are closed, vibrations 
from their closure are set up within the ventricle. They are added 
to by the vibrations of muscular contraction and by the vibrations 
created when the tension is suddenly directed against the semilunar 
valves. The vibrations from these different sources which have 
different periods intermingle and increase in intensity until the 
end of the isometric period. They are transmitted to the entire 
heart and through the semilunar valves to the aorta. When the 
period of rising tension passes over into the ejection period the 
oscillations are modified in that they are of lower frequency and 
amplitude because a longer column is thrown into vibration. 

When ventricular contraction ceases and the pressure within the 
aorta and ventricle quickly falls, it results in a noiseless closure of 
the semilunar valves. The after-vibrations of the closed valves 
together with those of the arterial column cause the second sound. 
These oscillations rapidly decrease in amplitude and continue only 
for a short interval because they are damped by the friction of the* 
blood and, as the pressure falls, their vibration frequency tends to 
become less. 

The third sound which by registration is shown to come 0.13 
second after the beginning of the second, consists of vibrations of a 
more constant character. Gibson and Thayer think that they 
discovered this sound in association with a wave (b wave, h wave) 
in the venous pulse and have accordingly attributed it to vibrations 
of the tricuspid valves when they are floated into position by the 
inrushing blood. Einthoven has, however, failed to find such waves 
in the subjects from whom he recorded a definite third sound. In 
a case reported by Lewis this sound occurred 0.18 second after the 
second sound, and, as it occurred during auricular systole, it could 
not have been due to the cause assigned by Gibson and Thayer 
Gibson and Ewald have suggested that it is due to a systole of the 
auricle and resembles in cause the presystolic murmur of mitral 
stenosis. Neither the nature of the vibrations nor the time of the 
occurrence of the sound, however, favors this etiology. The 
possibility that it is due to the closure at unequal times of the 
pulmonary and aortic semilunars is discouraged by Einthoven 
on the ground that the interval between the aortic and pulmonary 
second is not great enough to account for this variation. Einthoven 
would therefore regard it as due to after-vibrations of the aortic 
valves, the transmission of which to the apex was interrupted. 
As reasons for this view, Einthoven states: (1) that the duration 
of the second aortic tone = 0.18 second, of the second apex tone 
plus the thifd tone = 0.16 second; and (2) that the vibration fre- 
quency corresponds to the last vibration of the second pulmonic 
tone. 
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THE CUNICAL SIGNIFICANCE OF THE PHONOCARDIOGRAM. 

Clinically the registration of heart sounds serves the purposes 
enumerated below: 

1. The exact time relations of events in the cardiac cycle may be 
determined. This is especially valuable in cases of heart irregulari- 
ties in which it is often impossible to distinguish the sounds of extra 
contractions from reduplications. The interpretation of venous 
pulse waves, also, becomes uncertain when ineffective systoles 
occur which do not raise the intraventricular pressure sufficiently 
to produce waves in the arteries. In such cases, the heart sound 
records offer a simple means of differentiation. An instance of 
this is shown in the segment of a record of Fig. 84^ which was taken 
by the author from a patient in the wards of Bellevue Hospital. 
In this patient the diagnosis of mitral stenosis had been made 
and auricular fibrillation supervened. An early diastolic murmur 
followed by a mesodiastolic rumble was audible. The upper 
record shows the supraclavicular venous pulse, the lower that of 
the heart sounds. They differentiate clearly between the true 
diastolic waves and those due to ineffective systoles. Thus, were 
it not for the additional heart sounds recorded at s\ no one would 
suspect that the wave 2-3 did not have the same diastolic position 
as the h wave of the preceding cycle. 

2. While the intensity of various sounds cannot be compared 
in different records on account of the fact that no satisfactory 
calibration has so far been devised, in the same record, the relative 
intensify of sounds can be definitely computed by comparing the 
squares of the product of their frequency and amplitude (/a= NA'^). 
Thus, suppose the amplitude of sound a averaged 14 mm. and that 
of sound b, 2 mm. The relation of a to 6 would be as 7 to 1. Now, 
suppose the vibration frequency of a averaged eighty and that of 
b, forty, then again their relations would be as 2 to 1. Computing 
(7 X 2)2 : (1 X 1)'' we obtain 196 : 1 ; or sound a is 196 times as loud 
as sound b. Since the vibration period frequently does not alter 
greatly, the amplitude may be taken as a rough index. Einthoven 
has indicated how it may be possible in doubtful cases to determine 
by the relative amplitude of sounds whether a pulmonary accen- 
tuated second sound is present. 

Lewis has experimentally determined that the amplitude of 
oscillation is not affected by raising the pressure even by clamping 
the aorta, whereas, it is diminished when an increase in heart rate 
occurs. The amplitude is largely dependent upon the air content 
of the thorax for, when it is opened and antomical relations are 
destroyed, no sounds can be recorded from the chest wall. In 

^ In the reduction necessary to reproduce this record page size the clearness of the 
sound vibrations has necessarily suffered. 
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cases with heart irregularities, Lewis observed extreme variations 
in amplitude. In premature systole, for example, the amplitude 
is often reduced -j-^ and the length of the sounds is curtailed. If 
the extrasystole occurs early in diastole and the aortic valves do 
not open, due to inefficient systoles, the second sound disappears. 
In the beats following an extrasystole, which are of distinctly 
larger amplitude, the first sftund is louder and of longer duration 
while the second is unaffected. Cases of this kind almost force one 
to the conclusion that the muscular element is concerned in the 
production of the first sound and, furthermore, that the intensity of 
the sound in some manner corresponds to the force of contraction. 
In confirmation of this it may be noted that Kahn who has studied 
the sounds produced during experimental pulsus alternans (glyoxylic 
acid) finds the time interval between the two sounds is shortened 
in the smaller beats while the amplitude of the sounds during these 
beats is also smaller. 

3. The phonocardiogram offers a means of analyzing and sometimes 
explaining reduplicated sounds. It is commonly recognized that 
reduplicated first sounds may be of such a character that the first 
sound is preceded by a presystolic element or followed by a mid- 
systolic sound. The second sound may be immediately followed 
by a third sound (protodiastolic) or this may fall in mid-diastole.^ 

Reduplications of the first sound have been assignjed to irregular 
action of the two ventricles during block of one branch of the His 
bundle. In this case one ventricle is supposed to receive the im- 
pulse through the other. Lewis found the first sound presystolic 
in all his cases. Hence it is impfossible that it was occasioned by 
asynchronous action of the ventricles but was more probably due to 
a twice repeated closure of the a-y valves. The records show two 
types of vibrations: (1) those in which two sets of vibrations of 
like frequency follow each other successively, and (2) those in which 
the amplitude of the first is distinctly smaller. A reduplicated 
second sound (early diastole) is often attributed to an unbalanced 
pressure relation between the aorta and the pulmonary artery. 
While no observations on the effect of a rise in pulmonary pressure 
are at hand, it has been shown that raising the aortic pressure 
does not increase the amplitude. 

4. The time relations and character of murmur may be determined 
by a phonocardiogram. It should be clearly borne in mind that 
murmurs are not essentially different from heart sounds, hence, 
no phenomenal difference in the vibrations occurs. As is well 
known, they are usually produced when fiuid passes through 
narrow openings. Eddies and whirls, of themselves, do not create 
sounds or murmurs but do so only when some structure is set in 

' Cf. Lewis, Lectures on the heart, 1915, p. 51. 
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vibration by them. The vibrations are set up from several sources, 
as a rule, and are modified and reflected before being transmitted 
to the ear. They are, consequently, like the sounds, irregular in 
their sequence and amplitude. The vibration frequency is deter- 
mined by the size of the opening at which the murmurs originate. 
On the average, though not always, their frequency is greater than 
that of heart sounds. Their amplitude is determined by the vigor 
with which fluid is sent through a narrowed or leaky orifice. Hence 
they are sometimes of smaller and sometimes of larger amplitude 
than the heart sound vibrations to which they are related. The 
presence of murmurs is indicated in the records only by their relative 
position in the cardiac cycle and to differentiate them from heart 
sounds it is necessary that the record be accompanied by some 
other index of the circulation, as the carotid pulse or the electro- 
cardiogram. In this connection it is essential to bear in mind 
that while the phonocardiograph records more exactly the time 
relations of the heart sounds, no mechanical apparatus can supply 
the power of differentiating the finer variations in the quality of the 
sounds or murmurs as does the human ear. Hence, it is desirable 
to correlate the recorded oscillations with the auscultatory findings. 

Systolic Murmurs. — Systolic murmurs may replace or follow the 
first sound. A blowing murmur, largely replacing the first sound, 
is usually associated with mitral insufficiency. In such cases it is 
sometimes difficult to record the distant murmur (Joachim, Lewis). 
In the tracings successfully obtained the vibrations occupy a large 
part of systole but are distinctly separated from the second sound 
(Fig. 90). In other cases the vibrations constituting the first sound 
are present but smaller vibrations are superimposed. When the 
murmur occurs in mid-systole, the vibrations follow the sound 
and recur at a frequency ranging from 112 to 140 per second. 
Gerhartz gives the duration of the systolic murmur as 0.45 second 
when it replaces the first sound. 

Systolic murmurs, especially when they follow the first sound, 
are not always associated with mitral regurgitations but are frequent 
accompaniments of arteriosclerosis and aortic insufficiency.' These 
murmurs are diminuendo in character and have a frequency of 
about 80 per second (Lewis). According to Weiss and Joachim, the 
relatively rare murmur of aortic stenosis differs from that of mitral 
insufficiency in that it does not begin until the onset of the ejection 
period. 

Diastolic Murmurs. — According to the phase of diastole in which 
they occur, murmurs are designated as proto-, meso- and tele- 
diastolic, or presystolic. 

.In early diastolic murmur is usually associated with aortic 
insufficiency and is erroneously attributed to a regurgitation of 

' Cf. Fig. 97, in which the vibrations are superimposed on subclavian tracings. 
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bl(jo(l. Lewis found, in experimental animals, that the seeond 
sound still persisted after destruetion of one cns]) hut it was 
followed l)y diminuendo vibrations luning a frecjueney of 100 
to 120 per second. A presystolic Flint murmur was also present. 
In patients with these murmurs two t>-pes of oscillations appear. 
If the murmur is of the rough to-and-fro variety, it is shown 
in the phonocardiograms as a systolic and diastolic murmur, dim- 
inuendo in character and having a vibration frequency of about 
SO per second. In the case of the musical murmurs, the A'ibra- 
tions last long (0.24 secoufl), are of greater frequency (138), and 
their amplitude may exceed that of the first sound (Fig. 50). 

An early diastolic murmur continuing to the middle and some- 
times to the end of diastole is the accomjianiment of mitral stenosis 
combined with auricular fibrillation. In this case the auricular 
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50. — Phonocardiogram of a musical aortic murmur. (After Lewis.) 



contraction is in abeyance and tlie filling occurs rapidly due to high 
venous pressure during early diastole. Records show that if the 
stenosis is mild, filling will be completed relatively soon, if se\'ere 
it may extend throughout diastole (Mackenzie, Lewis). 

,1 presystolic murmur is a characteristic accompaniment of 
mitral, and occasionally tricuspid, stenosis as long as the auricles 
are beating. In the former lesion it is often limited to the apex, 
is purring or rumbling in character, and terminates in a clear snap. 
Its vibrations are of large amplitude and coarse, so that it can 
usually be recognized on palpation as a thrill. Phonocardiograms 
taken from the apex show vibrations of large amplitude preceding 
the systole of the ventricle. Thej' exceed slightl}' in frequency 
(41-107 per sec.) tliose of the first sound, with which they merge 
(Fig. 9.3). (Einthoven, Lewis.) The latter, however, do not exactly 
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resemble those due to the first sound in normal cases, but are of 
larger amplitude and begin somewhat later. They probably 
correspond to the characteristic snap heard on auscultation and 
have been attributed to the recoil vibrations occurring when 
blood is ejected by the ventricle (Gerhartz). Sometimes the 
presystolic vibrations are preceded by mesodiastolic vibrations 
similar to those observed when the auricle is fibrillating. 

A presystolic rumbling murmur is often associated with a diastolic 
murmur in aortic insufficiency. This murmur described by Flint 
is most satisfactorily explained as due to the fact that the regur- 
gitated blood impinges on the anterior mitral valve and causes a 
moderate narrowing effect. Graphically, it may be distinguished 
from the murmurs due to mitral stenosis in that its vibrations are 
of greater frequency and that an interval never exists between it and 
the meso-diastolic murmur preceding it. 
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CHAPTER XIV. 

SPHYGMOIMANOMETRY— THE CLINICAL ESTIMATION 
OF HUMAN BLOOD-PRESSURE. 

APPARATUS, TECHNIC, AND CRITIQUE. 

All forms of blood-pressure apparatus in common use have three 
essential parts: the compressing cuff, the manometer and the in- 
flating bulb or pump, together with a fine exhaust. If we desire to 
determine the diastolic pressure as well, some form of oscillometer 
is necessary. 

The Compressing Cuff. — The arm-piece applied to the upper 
arm is composed of a rubber bag surrounded by an unyielding cuff. 
The bag should be made of fairly heavy rubber of good elastic 
quality. It should have a width of 12 centimeters. A narrow 
bag, as originally used by Riva Rocci is generally supposed to 
yield too high readings. This is due (v. Recklinghausen) to the fact 
that pressure applied to a small area must overcome, not only 
the intra-arterial tension and the resistance of the arterial wall 
but also the tension of the tissues; whereas, if the same pressure 
per unit area is applied over a wider space, only the outer pressures 
are concerned jn overcoming tissue resistance, while the central 
pressure is transmitted directly to the arterial wall. This is illus- 
trated by the diagram of v. Recklinghausen (Fig. 51). The bag 
may entirely encircle the arm, as is the case in most models of 
sphygmomanometers, or it may be a small bag 12 by 16 centi- 
meters, as in the case of the Erlanger apparatus. It should be 
applied over the brachial artery on the inner aspects of the arm. 
Theoretically, the smaller bag, on account of Its smaller volume 
of air is preferable. 

The arm-bag should be surrounded by an unyielding cuff made 
preferably of leather and fastened by suitable clasps. Some of 
the recent instruments have an outer covering of linen which is 
not sufficiently unyielding to prevent an outward loss of pulsation. 

Critique. — It has not been universally accepted that a wide cuff 
is theoretically more desirable (Sahli). There can be no question 
that V. Recklinghausen's contention would apply if it were desired 
to obliterate an artery containing a constant pressure or, in words 
of the physicist, if "statics" alone were concerned. Such is not 
the case, however. The systolic pressure which we desire to measure 
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exists only for a moment during each systole. Can an artery col- 
lapsed for a considerable distance by a continiied external pressure 
just equal to systolic be opened by the momentary equalization of 
intra-arterial and extra-arterial pressures f It appears from the 
results of arteriograph and physical experiments (Erlanger and 
Hooker) that this dynamic effect does not come into play enough 
to appreciably affect the readings, even when the artery is com- 
pressed for a considerable distance. 

The Manometer. — The manometer may be a single limb, or 
U-shaped mercury manometer, a compressed air manometer, or 
an aneroid pressure gauge. The one-limb mercury manometer 
consists of a reservoir of mercury into which a graduated tube 
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Fig. 51. — Scheme showing effect of equal pressui'es per unit area when appHed 
over small and wide area of a collapsible tube. (After v. Recklinghausen.) 

dips or with the bottom of which it communicates. It was- used 
on Riva Rocci's instrument and has been employed on many of 
its modifications (Cook, Stanton, Hill, Nicholson) (Fig. 52). 

As the level of mercury changes or when it rises in the manometer 
tube, the scale must be corrected slightly, otherwise the reading 
is incorrect. In many of the earlier forms it was difficult to deter- 
mine the exact zero level, owing to the depression of the mercury 
in the capillary tube, but this has been obviated in recent models. 

The U-shaped mercury manometer has been utilized in many 
models (Janeway, Erlanger, Faught) (Fig. 55). The rise in one 
limb actually equals one-half the pressure change since the mercury 
in the opposite limb is depressed an equal amount. The scale is 
therefore less sensitive than the single limb manometers. It has 



APPAHATUS, TECHXIC, AXh rRITIQVE 



197 



the advantages of an easily determined zito Ie\el and of rcqniring 
only a small quantity of mercury. 

The manometer tuhe ^luiuld lie made of lieaxy gla^s, of e\'en 
ealiber and should ha\e a lent;th of forty eentimeters. It should 
lia\'e sufficient dampin,n' mj that the mercury does nut oscillate, 
fur (jtherwise the reading cannfit be accurately made. This damp- 
ing ma>' be accomplished by reflucing the caliber of the manometer 
tube to two millimeters, as in the Erlanger apparatu^, or by intro- 
ducing an artificial re-^istaiice, as in the modified ('>kulF ap])aratus 
made by Zimmerman. This does not ai)pl\', of course, tu tliuse 




Fig. .j2. — Xicliol^on'.s pattern of :i onc-ljnili mercury nianunieter. Method of 
ausciiltatorj' deterniinatiou of i>lood-pressure. (After Norris.J 



instruments in which the mercury is used to record the amplitude 
nf oscilliition as well (Janeway, (iibson). In this case a lumen of 
three or even fi\-e millimeters is necessary. 

Coiiijjre.^si'd air manometers consist of a sealed tube containing 
a globule of mercury ur uther fluid. As pressure is applied, the air 
enclosed is compres.sed and the globule serves as a guide on the 
calibrated scale. The princijde has been used b>' Gaertner, Oliver, 
Hertz, etc. The effect of tempertiture cliaiiges must be ob\"iated 
by cunipensatur>' adjustments or by enclosing tlie api)aratus in 
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a vacuum tube of clear glass, as in Oliver's instrument. Their 
chief advantage is their lightness and compactness; their chief 
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Fig. 53. — Diagram showing principle of one limb mercmry manometer, and of the 
Fedd^ pith-ball oscillometer. (After Fedd6.) 



criticism, that they are not sufficiently sensitive, i. e., that only 
small movements of the index occur for considerable pressure 
variations. 
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Aneroid (i. e., without fluid) manometers are of two types. 
They may consist of a chamber of corrugated metal which expands 
and acts upon a set of cog-wheels actuating the hands which move 
over a calibrated dial (Fig. 54). To this class belong the Pachon, 
Tycos, Tagliabue and Pilling aneroids and the recording Jacquet 
sphygmotomograph. 

A second type is made with a curved and hollow Bourdon spring 
which tends to straighten when pressure is applied internally. 
The V. Recklinghausen tonometer is based upon this principle. 




Fig. 54. — Diagram illustrating the construction of an aneroid instrument. 
(After Norris.) 

The pressure is increased in the system by introducing air with 
an ordinary atomizer bulb, a cautery bulb, a Politzer bulb or a 
metal pump. The large and clumsy pump used by v. Recklinghausen 
has never appealed to Americans. The pressure is reduced by 
letting out air by means of a fine leak. This may consist merely 
of a small opening over which the finger is placed, of a longitudinal 
slit, a screw adjustment or a special stop-cock. All tubing should 
be heavy walled and as inelastic as possible. 
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Fig. 55. — Diagram showing Erlanger's sphygmomanometer. (After Erlaiiger.) 
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Oscillometers. — Devices for the determination of variations 
in amplitude with the sphygomanometer are designated as oscil- 
lometers. The mercury or aneroid manometers recording the press- 
ure may themselves fulfill this purpose, or a special device may be 
shunted into the circuit. 

As already indicated, when the mercury manometer is employed 
to register oscillations, a wider tube than is otherwise necessary 
must be used. In many instruments the variations in amplitude 
are directly estimated (Janeway, Stanton). In others, a float as 
in laboratory manometers has been added (Gibson, and Brugsch, 
Silberman). Similarly, the needle oscillations of an aneroid may 
be read off and the regions of largest excursions estimated. 

Various forms of oscillometers have been shunted into the 
sphygmomanometer system. Thus, v. Recklinghausen constructed 
a recording tonograph by utilizing a Bourdon spring which could 
be calibrated. Erlanger (Fig. 55) used a sphygmoscope system in 




Fig. 56.- 



-Diagram illustrating the construction of Pachon's aneroid oscillo- 
meter. (After Norris.) 



which the pressure was prevented from acting on a delicate tam- 
bour by a rubber bulb (B) enclosed in a glass chamber (C). Similar 
devices are used by Muenzer, Wybauer, and Uskoff. 

The Fedde oscillator is a visual indicator of the amplitude. It 
consists of a tube containing a loosely fitting pith-ball which drops 
by its own weight during diastole and during systole is sent up 
with an excursion proportionate to the amplitude of the pressure 
change in the system (Fig. 53). The light weight of the ball and 
the absence of inertia add to the value of the instrument. 

Oscillations have also been visually estimated by the move- 
ments of a drop of fluid in a horizontal tube and in some forms the 
oscillations are transmitted from a separate cuff (Bing, Pal). 

A separate aneroid oscillator is included in Pachon's instru- 
ment. As shown in Fig. 56, the air-tight box, B, communicates 
with the air-bag by tubes / and d. The pressure applied to the arm 
is measured by the manometer, M. The oscillations are transmitted 
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to an expansile chamber, a, the pressure of which is maintained 
equal on two sides. The movements of this box are transmitted 
to the needle. 

Critique of Oscillometers. — ^The oscillations within the sphygmo- 
manometer system occur because the sudden increase in volume 
of the arteries under the bag causes a temporary increase in press- 
ure within the arm-bag. We should not, therefore, be deceived 
into thinking, as is commonly done, that a constant extra-arterial 
pressure is playing on the arteries at any time. The pressure within 
the apparatus rises during systole and falls during diastole just 
as in the artery. The relation existing between the magnitude of 
these oscillations and those within the artery need not concern us 
here. It is pertinent to inquire, however, with what degree of 
accuracy the various oscillations of the arterial wall are faithfully 
recorded in amplitude by different oscillometers. 

The mercury manometer is generally suspected of following the 
variations in amplitude very imperfectly. Its great inertia, indi- 
cated by its long vibration period, makes it a very inadequate 
mechanism. The practical dilemma usually arises, moreover, that 
the oscillations are either so small (which is the rule) that they do 
not serve a differential purpose, or so large (which is rare) that an 
accurate reading of the pressure is impossible. Were the manom- 
eter reliable, the lowest level would obviously represent the 
pressure exerted during diastole, but since the lower level is the 
resultant of two tendencies — the tendency of the instrumental 
inertia to place it higher and the combined tendencies of resonance 
and artificial reduction of pressure t-o draw it down — it can be 
considered no more than a wild guess to locate the pressure exerted 
on the artery during the largest oscillation. 

The statements made concerning the oscillatory mercury mano- 
meter apply, though with less force, to the aneroid patterns the 
inertia of which is very much less. They are less apt, on account 
of their somewhat higher vibration rate, to undergo resonance 
effects. Of these the Pachon instrument, however, demands sepa- 
rate consideration, for in this apparatus, oscillations are recorded 
by a separate aneroid (Fig. 56). This oscillatory aneroid is supposed 
to be constructed on ideal principles for it purports to maintain 
the pressure on the internal and external surfaces of the drum (a) 
equal. In this way a very sensitive drum can be utilized and the 
sensibility is supposed to be constant at all pressures. Neither 
the designer nor Bacchman, who recently endorsed this apparatus, 
seems to have been aware of the fact that the sensitiveness is neces- 
sarily modified whenever air enters or leaves the system (see page 
203) nor do they seem to recognize that the balancing of pressures 
during diastole is only approximate, a fact that could probably 
be remedied by introducing a minimal valve afC. The manometer, 
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M, would then indicate the lowest pressure applied to the artery 
and the recording oscillometer would show the changes in ampli- 
tude. That it would do this very accurately, however, is question- 
able, since the lever has a vibration frequency of only 7 per 
second. The last statement also applies to the recording tonograph 
of v. Recklinghausen, which purports to record the form of the 
intra-arterial pressure curve. A mere inspection of the curve shows 
that this is not the case, however (Frank). 

The oscillometer methods so far considered attempt to measure 
the qualitative pressure variations in the bag directly. In the 
case of the Erlanger, Uskoff and allied instruments, the oscillations 
are recorded through the intervention of a restraining ball or sphyg- 
moscope system. In order that the oscillations of the lever shall 
correspond in amplitude to the pressure variations in the bag, it 
is necessary, first of all, that the ball shall expand by equal volumes 
for every equal increase of pressure. As Erlanger has shown, this 
occurs fairly evenly in the bulb utilized in his instrument, but it 
does not occur when a softer bulb restrained by a mesh-work is 
used, as in the Uskoff apparatus. The result is more unfortunate 
since the sensitiveness of the instrument increases precisely in the 
pressure field where the largest excursions are likely to occur. 

Another factor, apparently not recognized by Erlanger, operates 
to change the sensitiveness at different pressures. As the pressure 
falls and air escapes, the elasticity coefficient of the air-containing 
bag decreases and the sensitiveness of the system gradually dimi- 
nishes (Frank). Furthermore, the lever, the vibration frequency 
of which is only 6.5 per second, is inadequate to accurately pick 
up the variations transmitted by the rubber ball. The advantages 
of the Erlanger apparatus are that oscillations of considerable 
amplitude are recorded and their sudden variations more clearly 
marked in the average run of cases than in other similar patterns. 
Furthermore, the damped mercury manometer allows an approxi- 
mate estimate of the pressure applied to the artery during diastole. 
A more accurate measure of this could perhaps be obtained by the 
interposition of a minimal valve during the period in which the 
pressure is falling. 

The Fedde pith-ball oscillometer is based on an entirely different 
principle, namely, that a light particle in a tube within which 
pressure changes occur rapidly, will move in proportion to the force 
exerted by the pressure change. On account of its lightness, it 
should prove a very accurate measure of the pressure changes within 
the bag. The error arises when the ball becomes rough or is no 
longer round or the tube causes it to adhere by friction. A careful 
and expert adaptation of the ball to the tube is imminently desir- 
able. The chief draw-back is that its movements cannot be recorded. 
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CRITERIA FOR ESTIMATING SYSTOLIC PRESSURE. 

The Peripheral Pulsation Method. — Riva Rocci Method. — The 
procedures now commonly employed consist: (1) in applying a 
circular arm-piece snugly to the bare arm, so that the bag lies on 
the inner aspect (2) in inflating the system until the radial pulse 
disappears (3) in gradually allowing air to escape through a fine 
leak and palpating for the first return of the pulse at the wrist. 
The reading of the mercury pressure at this moment is taken as 
systolic pressure. The procedure may be modified by recording 
the radial pulse by a sphygmograph instead of by palpation, but 
it is questionable whether the former is rnore sensitive. Or the 
brachial artery may be palpated instead of the radial, a procedure 
that has a theoretical advantage, since weak pulse beats are pos- 
sibly smoothed out before they reach the radial artery. The advan- 
tage is probably ofl^set by the fact that the brachial artery lends 
itself less easily to palpation. To make use of the advantage and 
negative the disadvantage, a smaller cuff has been snugly applied 
below the compressing cuff and, after inflating with moderate 
pressure, it is connected to some form of oscillometer (Bing, Pal, 
Hoobler). By this method it is possible to recognize pulsations 
peripheral to the bag at pressures from 3 to 10 mm. higher than 
by radial palpation. This procedure is especially valuable in 
children (Hoobler). The actual discrepancy between the two 
methods, of course, depends on the acuteness of the tactile sense, as 
well as on the sensitiveness of the oscillometer. 

Principle. — The principle of using the first evidence of a return- 
ing pulsation peripheral to the compressing bag as a criterion of 
systolic pressure, is based on the supposition that, as long as a 
pressure greater than systolic is exerted on the artery, it remains 
collapsed during systole as well as during diastole; but, as soon 
as extra-arterial pressure equals or falls slightly below intra-arterial 
systolic, it allows blood to pass during systole and gives rise to a 
peripheral pulse. This dictum presupposes: (1) that the arterial 
wall offers no appreciable or at least a constant resistance to com- 
pression; (2) that the artery compressed for a considerable length 
can be opened by the systolic pressure which acts only momen- 
tarily and (3) that the first blood passing into the peripheral vessels 
can cause a pulse wave. All of these suppositions have been ques- 
tioned. The second has already been discussed. The question 
has frequently been discussed whether sclerosed vessels offer 
more resistance to compression (Russell) than normal arteries. 
Experiments indicate that while a thickening or calcification does 
not appreciably increase the resistance of vessels to compression 
(Janeway and Park, MacWilliam and Kesson) a high state of 
tonic contraction may offer considerable resistance, and by reduc- 
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ing the lumen of the vessels may also interfere with the peripheral 
transmission of the systolic pressure wave (Mac William). 

In regard to the third supposition, it can readily be demonstrated 
that when the forearm is enclosed in a plethysmograph, its volume 
begins to increase before pulsations are visible either in the plethys- 
mograph recorder or in a second armbag. It would appear, there- 
fore, that the application of an equi-systolic pressure to the arm 
causes merely a stenosis through which blood may seep at the 
height of systole but in amounts not sufficient to cause a pulsation. 
It appears likely, therefore, that a return of a peripheral pulsation 
large enough for recognition occurs only when the extra-arterial 
pressure is less than intra-arterial systolic. Comparison with the 
plethysmograph method indicate that this error may be equal to 
10 or 15 millimeters of mercury in man and comparisons with the 
direct pressures obtained in animals also indicate that the systolic 
pressure is greater than that estimated (Fellner and Rudinger); 
Erlanger, Wiggers, Eberly and Wanner). Comparisons of these 
pressures with the intra-arterial pressures in man directly estimated 
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Fig. 57. — Curve showing the relation of amplitude of osoillation to different 
phases determined by the auscultatory method. (After Norris.) 

by the Hiirthle manometer indicate an opposite relation, namely, 
that the intra-arterial systolic is less than that estimated by pal- 
pation (Miiller and Blauel). Too great stress should not, however, 
be placed upon these results which were obtained, apparently, on 
three individuals by types of direct manometers themselves not 
free from errors. 

The Auscultatory Method. — The method of auscultation suggested 
by Korotkow (Fig. 52), which utilizes the appearance of a sharp 
sound peripheral to the bag as a criterion of systolic pressure, is 
based on the principle that when a small quantity of blood passes 
beneath the cuff into the relatively relaxed arteries below, it causes 
a sound. Upon detailed examination it seems that, when the upper 
arm is compressed by an arm-bag, the venous efflux from the fore- 
arm is first prevented and, later, the arterial inflow. While this 
compression persists, the arterial and venous pressures tend to 
equalize (Hill and Flack), and, consequently, some blood passes 
from the arteries leaving them relatively empty. The sudden 
distention by even a small quantity of blood is evidently sufficient, 
when aided by the resonant bag, to produce a sound. Actual 
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comparisons, therefore show, as was to be expected, that the first 
sound is heard at pressures from 5 to 15 millimeters higher than 
those which permit a pulse to pass to the wrist (Korotkoff), yet it 
occurs almost synchronously with the graphic criterion for systolic 
pressure (Fig. 57). 

5 The Oscillatory Method. — The pressure at which oscillations in 
the manometer system first occur has been suggested as a criterion 
of systolic pressure on the supposition that they appear only after 
blood has been forced under the bag (Pachon, Uskoff). It has been 
established, however, that such oscillations occur at pressures far 
in excess of systolic, due to the "ram action" of the occluded artery 
upon the bag (v. Recklinghausen, Erlanger). Evidently their 
incidence is no criterion for systolic pressure, the relative time of 
occurrence depending entirely upon the sensitiveness of the appa- 
ratus. 

When blood actually passes under the bag and the heaving sensa- 
tion is noted, the recorded waves become larger and change their 
character at the same time that the base line rises. The abrupt 
and simultaneous occurrence of these changes has therefore been 
suggested by Erlanger as a criterion of systolic pressure (Fig. 58). 
Practically, neither the rise of the base line which depends on the 
size of the leak in the tambour, nor the sudden increase in ampli- 
tude has met the expectation as a criterion. Frequently the increase 
in size is either not sudden, but gradual and progressive, or several 
abrupt changes in amplitude occur. The change in the shape of 
the curve is, however, a valuable criterion. The change in the 
conformation of the wave (Fig. 58) consists in the fact that a wave 
(dicrotic) becomes supported on the descending limb which gives 
an effect, when written on the slowly moving drum as if the bases 
had been separated. 

What is the explanation of these changes? The rise in the base 
line is accounted for by the fact that, when more blood rushes under 
the bag, the base line is elevated before the pressure in the tambour 
can be equalized through the small leak. The amplitude is increased 
because a stretch of artery pulsates under the arm-bag. The change 
in shape demands a fuller explanation. As long as the oscillations 
are due to a "ram action," the recorded pressure is the expression 
of a sudden shock, rising and falling rapidly together with a small 
reflected wave. As soon as blood passes under the bag, the fall 
occurs more slowly because blood must be squeezed out during its 
fall (Erlanger). Experience indicates that the systolic pressure 
determined by this criterion averages from 5 to 15 mm. higher 
than that determined by palpation, while it is synchronous with 
the first sound heard on auscultation (Fig. 57). 



CRITEHIA FOR ESTIMATING SYSTOLIC 


• PRESSURE 2U7 




^'' 






..^-'"' 


ding nil 
ration o 
cilia tion 




^*^ ^ 


- g|°^ 






oj 2 n oj 




„.*«■* 


o -o P 






optica 

desoE 

lausen 

curve 


.».-''' 


..g-Sf 






stitutin 
notch 
Rccklir 
at whii 




^''*"' 


"^ u-^ 'f 




-— •'" 


3 c ^" c^ 




— **•* 


'■^ -^ ._ S 






- — i; .- ^ 




;;=»' 


5 v- ^ : 




i"^""^ 


~ £ "^ S 




"^'^'^—^^ 


^Ip 






-^ rt cc o 




...— — ^" 


OJ r^ O t- 




S o ;-•- 




^— -•••*' 






c 


g ^ ^ 3 






ti - ^ TO 




^j** 


;^' . :i '^ 




_— --^'' "^ 


~ — - ~ 




1 ""^ 


^f 1 1 






3 o rt c3 




S' 


« bo g;^ 




r*' 


tH 2 O 

G o ■- 1:; 




-_ " "■" 


£ =;=.2 




-*■»- 


'^ '<' '~0 




_^0^"^ 12 


1 i S.5 




.jj— -~ 


'i o g s 








J^ ._H C o 




.^' 




^ O m j^. 




_-^«^ 








•.cr'"" 




S°^« 




:.^ 




A 

segn 

iteria 

note] 

d D. 




.3. 




i^oi 




"^^ *> 




.O o rt 




if-^ 




G. 58. 

A, 1 

supp 

decre; 




— =::z £2 


& z'iz 







208 CLINICAL ESTIMATION OF HUMAN BLOOD-PRESSURE 



CRITERIA FOR ESTIMATING DIASTOLIC PRESSURE. 

Amplitude of Oscillations Peripheral to the Bag. — If the pressure 
is gradually released from the arm-bag, and the radial pulse pal- 
pated (Strassburger) or better, if the radial pulse is recorded by a 
sphygmograph (Janeway, Massing, Sahli, Jacquet), it will be 
found that the amplitude increases until a certain maximum is 
reached after which no further increase in size occurs. A similar 
increase in oscillations up to maximal may be observed in the 
excursions of an oscillometer which is connected to a second arm- 
bag applied below the compressing bag (Janeway, Clark, Bing, 
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Fig. 59.- 



-Diagram illustrating the utilization of the amplitude of the peripheral 
pulse as a criterion of diastolic pressure. 



Vasquez, Oliver, etc) . The point at which the oscillations peripheral 
to the bag become maximal has been used as a criterion of diastolic 
pressure. 

This criterion is based on the principle that the quantity of blood 
which is allowed to pass through the arm-bag and, hence, the pulse 
amplitude, depends on the compression of the artery. Thus, if the 
extra-arterial pressure were 100 mm. (Fig. 59), the artery presum- 
ably would not open until the intra-arterial pressure during systole 
had passed 100 mm. It remains open and allows a pulse wave to 
pass peripheral to the bag so long as the pressure remains above 



CRITERIA FOR ESTIMATING DIASTOLIC PRESSURE 209 

this level during systole and subsequent diastole. For this reason, 
a small pulse wave is recorded as indicated by the heavy lines. 

As the extra-arterial pressure gradually falls and the intra-arterial 
diastolic pressure is approached (say 80 mm.), the artery beneath 
the bag remains open during the entire, interval of diastole and 
allows a maximum pulse wave to be propagated. Since a further 
reduction in the external pressure could not lengthen the interval 
that the artery remains open, no further increase in the amplitude 
occurs. 

The criterion is open to an essential criticism, however, viz., that 
the amplitude of the peripheral pulse is determined, not only by 
the amount of blood passing under the bag, but also by the volume 
elasticity coefficient of the artery which depends largely on the 
volume of blood in the peripheral arteries. When both venous 
efflux and arterial influx have been shut off, the blood tends to 
pass from the higher arterial to the lower venous pressure and, 
hence, tends to leave the arteries so that the pressure within them 
becomes low. As soon as blood reenters the forearm and causes 
pulsations of a small amplitude, it raises the peripheral pressure 
during every beat and decreases the volume elasticity coefficient. 
The effect is that for equal volumes of blood entering, there is 
always less and less excursion of the artery. There are, then, two 
forces at work, the greater filling of the artery tending to reduce 
the amplitude, and the greater volume entering per beat tending 
to increase it. For a long time the latter overpowers the former. 
It is quite possible, however, that, when the arm-bag contains an 
extra-arterial pressure somewhat above actual diastohc, these two 
forces counter-balance. Then, no further increase in amplitude 
occurs. This may explain why the readings of the diastolic press- 
ure thus obtained are always considerably above those obtained 
by other methods. The varying pressure of the sphygmograph 
button which exists when the artery fills also seriously affects the 
accuracy. It is well known that the amplitude of excursion recorded 
by the sphygmograph depends on the relation of intra-arterial press- 
ure to extra-arterial tension. As the former gradually rises, and 
the arterial volume increases, this relation may be improved or 
made worse, depending on the adjustment of the apparatus. It is 
therefore not surprising that widely differing results have been 
obtained and the method has not been generally accepted as reliable. 

Amplitude of Oscillations Within the Arm-bag. — If, while the 
pressure is slowly falling within the manometer system, the oscil- 
lations from the arm-bag are graphically recorded, as in the Gibson, 
Erlanger, Uskoff and similar apparatuses, or are observed in the 
swing of a mercury column, an aneroid pointer, or any other oscil- 
lometer, the oscillations will be seen to increase in amplitude, 
remain at a maximum for a considerable time and then gradually 
14 



210 CLINICAL ESTIMATION OF HUMAN BLOOD-PRESSURE 

(more rarely abruptly) decrease. The extra-arterial -pressure at 
which the oscillations first become smaller is taken as a criterion 
of the diastolic pressure. It is quite generally stated that 
the principle on which this criterion depends is that of Marey. 
It was Marey who first laid down the principle that an artery 
oscillates with greater amplitude as the pressure increases up to 
a certain level. He assumed that when the internal and external 
pressures are equalized the arterial wall is relieved of tension and 
in a condition to oscillate freely. Such an equalization of tension 
causes a greater excursion according to Frank, because the volume 

elasticity coefficient ( aw) ^^ ^^ ^^ ^^ reduced and, hence ike sen- 
sitiveness of the entire recording system, of which the arterial wall is 
essentially a part, is thereby increased. 

The mechanical experiments upon excised arteries, rubber tubes 
and arteries in connection with the circulation (Mosso, Howell 
and Brush, Erlanger) have been considered as demonstrating con- 
clusively that the largest oscillations may be used as a criterion of 
diastolic pressure. All of these investigators, no matter how 
careful their technic, have been obliged to register the actual 
pressure variations by the apparatus available at their respective 
periods. Thus, Mosso was forced to content himself with the mer- 
cury manometer, Howell and Brush with the Pick spring-man- 
ometer, while Erlanger used maximum and minimum valved 
manometers. All of these are now known not to be devoid of error. 
It cannot, therefore, be accepted as demonstrated beyond doubt 
that the largest oscillations do occur when an exact equilibrium 
is reached between intra- and extra-arterial pressure. 

MacWilliams and Melvin, who have recently investigated the 
question conclude that this view is erroneous. They find that 
with normal elastic arteries the maximal oscillations occur when 
the external pressure is sufficient to produce what they term a 
"half-flattening" of the artery, i. e., a state in which the short 
diameter is roughly one-half that of the distended tube. The 
natural inferences from such experiments is that the pressures at 
which largest oscillations occur must be considerably above dias- 
tolic, while the point at which subsequent reduction in amplitude 
occurs more accurately corresponds to diastolic pressure. In 
agreement with this view is the theoretical exposition of Christen. 
He points out that whenever a tube of an elastic nature is expanded 
by equal pressure increments, it will be found that at first the expan- 
sion is small, then becomes suddenly greater and, after the disten- 
sibility has remained constant, grows smaller again. The tube may 
be said to pass through three elastic fields: the first, in which the 
distensibility is small, the second, in which it is great, and the third, 
in which it decreases again. 
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Arteries in their normal condition are always in the third field 
of elasticity, which accounts for the fact that the excursion of the 
wall is so slight. When an extra-arterial pressure is apphed, how- 
ever, which somewhat exceeds the intra-arterial diastolic pressure, 
the. artery shifts to the second field of elasticity, i. e., the one in 
which the volume elasticity coefficient is small and the oscillations 
large. When the extra-arterial pressure is lowered to the point 
where it exactly falls below the intra-arterial pressure, the arterial 
wall enters the third field of elasticity again and the oscillations 
become smaller. The suddenness of the change is determined by 
the nature of the artery — the more resistant the vessel, the more 
gradual the change in amplitude. 

This also accords with the results of animal experiments in which 
the pressure is applied, to the leg of a dog by a conical cuff prevented 
from slipping by special devices (Lang and Manswetura, Wiggers 
(unpublished) ). It may be added, however, that when the pressure 
is applied directly to an artery by an arteriograph, the largest 
oscillations occur at pressures only 3-4 mm. from intra-arterial mini- 
mum (Erlanger, Wiggers, Eberly and Wenner). It is not possible 
to give a final explanation of these discrepancies. It is possible 
that pressure cannot be applied without loss to the conical leg 
of a dog (Erlanger, Miiller and Blauel), but with this idea appar- 
ently not all are agreed (Janeway, Lang and Manswetura, Wiggers). 
It is very probable that the progressive reduction in sensitiveness 
which occurs when air escapes during the fall of pressure (Frank) 
causes a reduction in the amplitude of the lever oscillations before a 
diminution in arterial volume occurs. This unavoidable instru- 
mental error may be greater when a large arm-bag is used in dog 
or man than when an arteriograph of small capacity is employed. 

The Auscultatory Method. — If the chest-piece or bell of a stetho- 
scope is applied over the brachial artery, below the cuff, of any blood- 
pressure apparatus (Fig. 52), a series of sounds can be heard as the 
pressure gradually escapes. The changes in the sounds may be 
divided into five phases, the relations of which to the oscillatory 
changes are shown in Fig. 57. 

1st phase. The sudden appearance of a clear sound lasting for a 
fall of approximately 14 mm. of mercury. This has already been 
described as a criterion of systolic pressure. 

2d phase. The acquisition of a murmurish character, lasting 
while the pressure falls approximately 20 mm. more of mercury. 
It is attributed to the stenosis of the vessel produced under the cuff 
at this stage. 

3d phase. The replacement of the murmur by a sound becoming 
progressively louder and lasting during the next 25 mm. of pressure 
fall. This is attributed to the oscillation of the arterial wall aided 
by the resonance of the bag. 
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4th phase. The muffling of the sounds lasting while the pressure 
falls 5-6 mm. more. The cause of this muffling has been variously 
interpreted as due (a) to the absence of diastolic collapse, (6) to the 
slowing of the stream under the cuff, (c) to the decreased resonance 
in the deflated cuff, and {d) to a lack of flattening of the arterial 
wall (MacWilliams and Melvin). 

5th phase. The disappearance of all sound. 

Although Korotkoff and his followers at flrst utilized the dis- 
appearance of all sound as a criterion of diastolic pressure, some 
doubt has arisen as to whether the entire disappearance of sound or 
the fourth phase first described by Ettinger, in 1907, represents the 
correct criterion. Numerous investigations have been instituted 
to determine this question. With a few exceptions these have 
consisted in comparing the pressures read at the fourth and fifth 
phases with other criteria. The work may be summarized in the 
following table: 







Phase found to Method of experimental 


Investigator. 


Year. ' 


be criterion. 


determination. 


Korotkow 


1905 


5th 


Experimental determination. 


Ettinger 


1907 


5th 


Janeway-Masing comparison. 


Lang and Manswetura 


1908 


4th 


Oscillatory method of von Reckling- 
hausen. 


Lang and Manswetura 


1908 


4th 


Comparison with Hurthle diastolic in 
the dog. 


Van Westernrijk 


1908 


4th 


Oscillations of Pal's sphygmoscope. 


Fischer . . . 


1908 


4th 


von Recklinghausen's oscillatory 
method. 


Ehret 


1909 


5th 


Oscillatory method. 


Gettings 


1910 


5th 


Visual and oscillatory. 


Goodman and A. Howell 


1910 


5th 


Oscillations of mercury manometer. 


Hoover 


1910 


4th 




Oliver 


1911 


4th 


Oscillations of spirit indicator. 


Dehio . 


1912 


4th 


Sphygmograph method. 


Warfield 


1912 


4th 


Animal experiments. 




1913 


4th 


Erlanger oscillatory method. 


Weysse and Lutz 


1913 


4th 


Decrease of oscillations of Erlanger 
apparatus. 


Tausig and Coolc 


1913 


4th 


Oscillations (Erlanger) . 


Hooker and Southwortli 


1913 


5th 


Oscillations (Erlanger) . 


MacWilliam and Melvin 


1914 


4th 


Experiments on excised arteries. 



The perusal of the foregoing table indicates that the consensus of 
opinion favors taking the fourth phase as a criterion of diastolic 
pressure. This has a distinct advantage in clinical work since in 
many cases a total disappearance of sound does not occur (e. g., 
aortic insufficiency). 

The method has been further studied in relation to the changes 
that occur during abnormal conditions of the circulation. Thus, 
it has been pointed out that the duration of the phases may vary 
under pathological conditions (Goodman and A. Howell). When 
the second or murmur stage is absent or short and disappears after 
exercise, a weak or dilated heart is suspected. It is variable in 
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duration and intensity when arrhythmia exists. A prolonged or 
intense murmur phase indicates vigorous action of the heart. 

The duration of the third phase depends upon the strength of 
the systole. A phase of long duration is present during vigorous 
action of the heart and in arteriosclerosis. A short and indistinct 
phase occurs during weak cardiac action. During arrhythmias 
the variation in the strength of succeeding systoles may thus be 
studied and compared with pulse tracing amplitudes. The fifth 
phase is filled by a continued sound in cases of aortic insufficiency 
(Taussig and Cook). 

PRACTICAL ASPECTS OF BLOOD-PRESSURE 
DETERMINATION. 

Choice of Apparatus. — Before selecting any form of apparatus, 
the principles it is desired to utilize should be chosen. This applies 
largely to the estimation of diastolic pressure. For general practice 
the auscultatory method is in all respects the best. It may be 
carried out with any form of apparatus. The oscillatory method 
of recording diastolic pressure is peculiarly adapted to hospitals 
and office work. Among the forms of apparatus utilizing this 
criterion those employing a direct recording spring manometer 
(as those of v. Recklinghausen and Jacquet) are probably preferable 
to those using a sphygmoscope system, as the Erlanger, but the 
latter, in turn, is more accurate in construction than the UskofF. 
Visual oscillatory methods are less satisfactory because the point 
at which large oscillations cease can be only approximately gauged. 
Those forms of apparatus in which the largest oscillations occur 
are best. The Fedd6 and Pachon oscillators are therefore preferable 
to those of Hill, Bing, etc. Instruments that read the oscillation 
with the manometer recording the pressure, as the Gibson, Janeway 
and other mercury models, as well as the spring aneroids, are not 
to be recommended for determining diastolic pressure by the 
oscillatory method. 

Having selected an instrument adapted to operate upon the 
principle chosen, attention should next be directed to its accuracy 
and workmanship. The scale should be correct and adjustable; the 
zero level readily verifiable. The system should be free from leaks ; 
the tubing, of heavy quality; the bag elastic, 12 cm. wide and not 
too long, but above all protected by a rigid unyielding cuff. 

Portability is a great consideration, but accuracy should never be 
sacrificed on its account. Aneroid manometers, while convenient, 
are liable to become inaccurate and to need recalibration. 

The Patient as a Factor in Accurate Determination. — The pressure 
should always be taken in the same position, recumbent or sitting, 
and if in the latter, the arm-bag should be placed on a level with the 
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costosternal angle. The arm-bag should be applied loosely so 
that a small volume of air remains within when the manometer is 
at zero, but tightly enough so that this contained volume of air 
is not too great. It is desirable to make the determination as rapidly 
as possible in order to avoid or minimize a direct mechanical or 
reflex effect on the general blood-pressure. If meals, warm drinks, 
alcohol, tea or coffee have been partaken of shortly before the blood- 
pressure measurement, or if exercise or smoking have been indulged 
in, their tendency to elevate pressure should be taken into account, 
as should the psychic reaction of the patient. The following 
sequence of procedures suggested by Norris probably adequately 
guards against psychological errors on the parts of both examiner 
and patient. 

"In order to minimize all these sources of error the following 
procedures should be adopted: (1) Discard the results of the 
first reading, using it simply to demonstrate the harmless and 
painless character of the procedure; and, when possible, make 
subsequent readings after some little time has elapsed. (2) Avoid 
making blood-pressure observations when the patient is excited, 
anxious or worried, as a result of an examination, etc. (3) Make 
several consecutive readings and if they correspond more or less 
closely, take the arithmetic mean. (4) Make the observations as 
quickly as is consistent with accuracy; do not look at the manometer 
until the pulse is felt (or a certain phase of sound heard on ausculta- 
tion) — at this point the air escapement should be tightly closed 
until the reading is made. (5) Allow the pressure to fall to zero 
between observations, and permit sufficient time to elapse between 
readings for the venous pressure (stasis) to fall to the normal level." 

CLINICAL VALUE OF BLOOD-PRESSURE DETERMINATION. 

Normal Variations. — Before it is possible to attribute pathological 
significance to blood-pressure readings, it is desirable to ascertain 
the normal variations. It should always be borne in mind that a 
perfect form of blood-pressure apparatus has not, as yet, been 
devised, and that our readings are only approximately correct 
(i. e., perhaps within 5 mm. if proper apparatus and technic are 
used). With a wide cuff, the average systolic pressure by palpation 
may be placed at 100 to 110, while with auscultation and oscillatory 
methods it may be from 5 to 15 mm. higher. A somewhat higher 
pressure (10 mm.) may be expected after middle life. Janeway 
regards a persistent pressure above 135 in the young or 145 after 
middle age as suspicious and life insurance statistics indicate that 
the mortality in individuals with pressure above 150 is 35 per cent, 
greater (Fischer). The average diastolic pressure may be placed 
between 65 and 75 mm. During ten years that the writer has 
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checked the pressures taken by students in the physiological 
laboratory by Erlanger's method, the pressure was rarely found to 
vary beyond these limits (i. e., if we except about 20 per cent, of 
cases in which it is difficult to establish a diastolic reading from the 
Erlanger curves). This gives a puke pressure, as the difference 
between systolic and diastolic pressure is called, which varies from 
35 to 50 mm. 

Permanent Alterations of Pressure. — Practically, the measurement 
of blood-pressure is used to determine whether the pressure is 
pernianently high or low. The conditions giving rise to permanent 
hypertension and hypotension will be discussed in detail in other 
sections but may be here classified for convenience, after the plan 
of Janeway: 

Hypertension: 

1. Functional: 

(a) Physiological (i. e., due to excitement, exertion, labor, 

pain reflexes, etc.). 
(6) Toxic (as morphine, lead and nicotine poisonings, gout 

uremia, and rheumatic affections, 
(c) Cerebral anemia and asphyxia. 

2. Essential {i. e., accompanied by organic change and indi- 

cating derangement of regulating power) : 
(a) Arteriosclerosis. 
(6) Nephritis. 
Hypotension: 

1. Functional: 

(a) Diarrhea, excessive sweating, etc. 
(6) Hemorrhage. 

(c) Shock. 

(d) Acute infections (except meningitis). 

2. Essential: 

(a) Cachectic (in tuberculosis, carcinoma, general paralysis). 

(b) Enteroptotic (relaxed abdominal walls, enteroptosis 

of varying degree). 
Rhythmic Variations of Blood-pressure. — ^In establishing a cer- 
tain figure for systolic and diastolic pressures in man, it should 
be borne in mind that these figures represent only approximately 
the highest and lowest pressures in the artery. This is due, in the 
first instance; to the fact that the intra-arterial systolic and diastolic 
pressures vary with rhythmic changes in the heart cycle and with 
the acts of respiration. ' These variations are of such a nature that, 
in the majority of normal individuals, both pressures are lower in 
inspiration than during expiration. The variations of systolic 
pressure are often great enough to be detected by different criteria. 

' For details, see pp. 68 and 95. 
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Thus, if the pressure is allowed to fall slowly and auscultation is 
carefully carried out, it is often found that the sound is first limited 
to the expiratory beats, while after the pressure has fallen 3-5 mm. 
more a sound is present for every beat. Similarly, in the Erlanger 
tracing, the supported wave in the descending limb often occurs at 
first on one of two waves of a respiratory group before it becomes 
mounted on all waves. In these ways we may estimate the highest 
and lowest systolic pressures. 

While these variations of normal pressure are not of extreme 
importance, a determination of the highest and lowest systolic 
pressures may be of great diagnostic significance. Thus, it happens 
that pericardial adhesions or tumors may be so situated that they 
exert a traction or compression upon the heart or large vessels 
during one respiratory phase. The difference between inspiratory 
and expiratory pressures may then be so great as to be of diagnostic 
value. 

Blood-pressure in Extreme Cardiac Irregularity. — When the heart 
is markedly irregular or the auricles are fibrillating, the pressure 
varies considerably during consecutive beats, in fact, some beats 
may entirely fail to reach the instrument, thus showing a pulse 
deficit. To determine systolic and diastolic pressures is often 
impossible with the available criteria. Some idea of the systolic 
pressures may be obtained in such cases by estimating the " average 
systolic pressure" according to the procedure suggested by James 
and Hart. The pressure in the cuff is raised until all pulsations are 
obliterated. It is then lowered 10 mm. at a time, and each time the 
number of pulse beats that pass peripheral to the cuff are counted. 
An assistant counts the apex beats at the same time. The average 
systolic pressure is then obtained by multiplying each different 
pressure tested by the number of beats passing per minute. These 
products are added and the sum divided by the number of apex 
beats per minute. The quotient gives the average systolic pressure. 

A simpler and, in some respects, a preferable method, which the 
author employs consists in writing the highest and lowest systolic 
and the highest and lowest diastolic pressures, the pulse having 
first been counted. The cuff is infiated until the pulse is obliterated. 
Upon gradually deflating the system of air, the pressure is noted when 
the first sound is heard peripheral to the bag. This is the highest 
systolic pressure. The pressure is then released until the sounds 
for all waves are audible. This is the lowest systolic pressure. 
The estimation of any diastolic pressure is, however, very unsatis- 
factory. The oscillation method is of less value in these cases, 
for the theory of this criterion presupposes that the pulse pressure 
remains at least approximately constant or varies rhythmically 
as during natural respiration. It is, however, possible to obtain 
an approximate idea, in many cases, when groups of waves remain 
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permanently smaller. There would be little question, for exam])le, 
that the fliastolie pressure was approximately So in the record 
shown in Fig. 00. At ahout the same level the sounds (jf most of 
the beats flisappeared on auseulation. 

The Value and Limitations of Pulse-pressure Determinations in 
Disease. — Blood-pressure deternnnations are sometimes employed 
to follow the changes in the circulation during disease processes or 
to test the effect of medication, it being sought not only to determine 
wliether the circulation is changed but also what part is at fault. 
In this ca])acity it has been used largely in the acute febrile affections 
and in chronic valvular lesions. In neither group ha^'e the pressure 
fleterminations given the results anticipated; partly, no doubt, 
because the readings have not been taken at sufhclently close 
intervals and partl>' because the systolic and diastolic ])rcssures and 
their differences, the ])ulse pressures, were not ^tudie(l in relation 




Fig. 60. — Sphygmomanometer tracing from case of auricular fibrillation, showing 
irregularity in amplitude of con.secutive oscillations and the difficulty of determining 
either sj'stolic or diastolic pressure b\" the oscillator^" method. 



to the lu-art rate. If information concerning the cluinges in the 
circulation is desired, it is just as important to take hourly read- 
ings of ])ressures as it is to make the tem])erature and ])ulse-rate 
charts. 

We may first of all inquire what information the pufsc-jircssure 
gi\'es us concerning the systolic disi'harge of the heart. The pulse 
jiressure is an index of the \-()lume of cardiac discharge only when 
it may be assumetl that neither the ^•iscosity of the Idood, nor the 
diameter of the peripheral ves^els nor the cubic increase in \'olume 
for definite pressure increments \aries. It may, therefore, be at 
once set down that i)ulse pressure cannot be an exact measure of the 
.systolic discharge and the only question of interest is, whether, 
recognizing its limitations, it ma.v be a sufficiently exact criterion. 
The ex])erimental investigation (Dawson and Gordon, Hender- 
son, Wiggers) indicates that, although there is a general corre- 
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spondence between the amplitude of pulse pressure and the output 
of the heart — in the sense that both increase and decrease synchron- 
ously so that the course of one may be prophesied from the other — 
there is no quantitative relation. The same pulse pressure may at 
different times correspond to systolic discharges of very different 
volumes. Unless subsequent reinvestigation, by more accurate 
methods, should speak to the contrary, the clinician is not warranted 
in assuming that, because the pulse pressure is equal to one obtained 
some days or weeks previous, therefore, the output of the heart 
has not altered; or, because the pulse pressure does vary, that the 
output has necessarily changed. The pulse pressure is not a quan- 
tative measure of systolic output, but when compared to some not 
too remotely preceding observation in the same individual, it may be 
used as an indication of the direction in which the discharge varies. 
Thus, by following the pulse pressure during periods of an acute 
febrile process or during the presence of a valvular lesion or a myo- 
carditis hour by hour, one may obtain valuable information as to 
whether the output is improving or deteriorating, and this, as 
indicated by experimental investigations, occurs in spite of consider- 
able variation in viscosity or peripheral resistance. 

One is not warranted in assuming any correspondence whatever 
between pulse pressure and systolic output in different individuals 
in whom the viscosity of the blood, the volume and the vascular 
elasticity and tonicity are different by an unknown amount due to 
some diseased condition such as arteriosclerosis, infections, cardiac 
disease, etc. 

Investigators have established that the systolic output is directly 
dependent on the heart rate and, in such a way, that an increase 
in rate results in a decrease in output per beat. This may frequently 
be indicated by studying the product of the heart rate and pulse 
pressure. Under normal conditions this product tends to remain 
constant (Erlanger and Hooker) or, if any change occurs, the 
tendency is toward an increase as the heart accelerates. When 
the output of the heart is primarily affected, as in hemorrhage and 
shock through a reduction of its blood supply, or by a diminution 
in its contraction amplitude, as occurs in depressing toxic action 
or in valvular insufficiency, the product decreases. It is obviously 
possible, however, that even when hourly estimations of pulse pressure 
are made that their comparison with preceding observations may be 
erroneous when considerable variation in the tonus of the peripheral 
vessels, the vicosity of the blood or the total blood volume occurs. 
In order to decide whether the output of the heart or the peripheral 
resistance or viscosity is the chief variable, a comparison of the 
pulse pressure with the height of systolic and diastolic pressures 
has been suggested. Erlanger and Hooker have constructed the 
following table as indicating the relations: 
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Diastolic pressure. 
Constant . 

Increased . 
Diminished 



Determinable factors. 
Pulse pressure 
X pulse rate. 

f Increased 
\ Diminished 
Unchanged 
Increased 
Diminished 
Unchanged 
Increased 
Diminished 



Causative factors. 


Energy 


Peripheral 


from heart. 


resistance. 


Increased 


Diminished 


Diminished 


Increased 


Increased 


Increased 


Increased 


Unchanged 


Unchanged 


Increased 


Diminished 


Diminished 


Unchanged 


Diminished 


Diminished 


Unchanged 



It is evident that, in general, a decrease in the product of th^ 
heart rate and pulse pressure indicates that the heart output is 
unchanged when it is accompanied by an increased diastolic press- 
ure; but that an increased product likewise indicates an unchanged 
output when the diastolic pressure is diminished. The practical 
value of such a guiding table has been frequently questioned. Thus, 
Norris points out, as an example, that in nephritic hypertension 
both an increase in diastolic pressure and the product occur which 
would be interpreted as due to an increased cardiac output and an 
unaltered peripheral resistance — a conclusion evidently erroneous. 
This, however, should be cited not as an example of a defect in the 
table, hut of its misapplication; for, as variations in the pulse pressure 
can reasonably be expected to be of prognostic value only when 
compared in. the same individual with observations preceding at not 
too distant intervals, so this table is restricted in its applicability to 
consecutive observations in the same case. 

A similar though less accurate procedure has been evolved by 
Strassburger who compared the relation between pulse pressure 
and systolic pressure as a quotient (blood-pressure quotient) 

— B. P. Q. = f-.^- This formula is less reliable than 

systolic pressure 

that offered by Erlanger and Hooker, partly because the maximal 

pressure, follows the mean pressure less accurately than does the 

diastolic; but chiefly because it contains no factor allowing for heart 

rate variation. 

It may be pointed out, in conclusion, that this most promising 
field, say hourly or two-hourly determinations of pulse pressures and 
heart rates during infectious disease or critical stages of cardio- 
vascular lesions has not been adequately invaded. Clinicians have 
too often been content with occasional and haphazard determina- 
tions which have yielded results of no importance and hence can 
probably be 'dispensed with entirely. Whether the efficiency of 
the circulation is improving or whether failure is threatened can 
only be determined by frequent and systematic studies of pulse 
pressure and heart rate. 

Methods Designed to Estimate the Mechanical Energy or 
Work of the Heart. — ^Two attempts have been made to estimate 
the mechanical energy of cardiac action by procedures related 
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to blood-pressure determinations, viz., by the application of the 
sphygmobolometer or sphygmobolograph of Sahli and the energo- 
meter of Christen. 

The theory upon which these measurements are founded is briefly 
as follows : During • every cardiac systole, a certain amount of 
mechanical energy is liberated. About 1 per cent, is utilized in 
moving the blood onward (kinetic energy), the rest is transformed 
to elastic tension of the wall (potential energy). The energy 
ytilized in filling and expanding the arteries and so creating the 
entire pulse wave (pulse energy) is not directly measurable. It is 
possible, however, that the energy required to produce the pulse 
in a limited area of artery (pulse impact energy) can be estimated, 
«ind upon the assumption that this gives information concerning 
pulse energy, the methods rest. 

The Sahli Sphygmobolograph. — Sahli attempts to estimate the 
energy of the pulse impact by the product of the distance that the 
wall expands and the compressing force. His sphygmobolometer 
first devised for this purpose is probably less exact and more difficult 
of application than the sphygmobolographic method. The sphyg- 
mobolograph is essentially a Jacquet sphygmograph (new model) 
in which the two tiny rollers usually pressing the paper against the 
propelling roller actuated by clock-work have been replaced by nine 
tiny rollers which write a series of abscissae lines upon the paper 
as it passes. These rollers are not equidistant but so placed that 
the distances between them represent a movement of 0.05 mm. 
In this way the excursion of the arterial wall can be estimated from 
the pulse tracing. The pressure exerted by the spring is determined 
by reading the number on the dial and, by reference to an accom- 
panying table, the pressure can be estimated in grams. 

It is apparent that a single computation at any one pressure is 
not sufficient since every different tension will yield a different 
product. The product is therefore determined during the entire 
gamut of pressures. The largest product is chosen as a standard 
for comparing the energy of pulse waves of different individuals 
and of the same individual at different times. 

Leaving the question as to the accuracy of the principle out of 
consideration, the method is at best a crude one in consideration 
of the limitations of the Jacquet sphygmograph. How correctly 
the gram readings on the instrument correspond to the pressure 
exerted on the vessel wall, depends on its adjustment. How truly 
the amplitude of the button movement in this instrument, which 
has an inadequate vibration frequency, corresponds to the actual 
movement of the artery depends largely on the vigor of the pulse 
beat. Finally, how accurately the movement of the button under 
pressure as an index of the energy exerted by the entire pulse wave, 
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is (letermined l)y the elasticity and tonus (if the raihal under tiie 
tiuttou. 

Energometer Method. — In snnie respects the energiinieter method 
(if ('liristcn is an ini])rovement. This apparatus is shown in Fig. 
01. Its cuff is apphed to the arm or thigh and brought to the proper 
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Fig. 61. — The energometer. (After Christen.) 



tension liy tightening the key .S. The position of the vohnne 
syringe is placed at zero by mean.s of the screw Z, and stop-cock // 
is closed. Air is then pumi)ed into the system by the pum]j /'' 
and the stop-cock K is closed. The mean pressure is read either 
in terms of cm. of water pressure or in mm. of atmos])heric pressure 
at the mid-point of the oscillations of the spring manometer (which 
according to Christen) has an inherent vibration frequency' of 20 
per second. If the oscillations are too large the sensitiveness is dimin- 
ished li\ increasing the capacity of the system by opening stop-cock 
//, and so adding the reserve space R to the system. The piston 
of the volume pump is now moved in by screw Z, so that the pressure 
before read at the upper excursion now becomes the lower pressure. 
The ^'olume is then read of!'. The product of the mean pressure 
and \'(ilume change is expressed in gram centimeters, as shown in 
the following table; 
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Pressure X volume. 
Pressure. Volume. = Energy of pulse impact 

30 0.2 

SO 0.2.5 12,5 

70 0.3 21 

SO 0.5 40 

100 0.9 81 

110 1.4 154 

130 1.7 221 

150 1.5 225 

170 1.2 204 

190 1.0 190 

200 0.8 160 

220 0.6 132 
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The largest product is evidently equal to 225 gram centimeters. 
To obviate calculations. Christen has constructed a hyperbolic 
scheme (Fig. 62). By laying off the volume reading on the abscissae 
and the pressure reading on the intersecting ordinates the product 
is found by following the hyperbolic curve to the right or upper 
margin. The product so obtained represents the gross energy 
of the pulse impact, i. e., the sum of the energy contributed by the 
pulse impact and the wall elasticity. P V. = A -\- A', in which 
P = the pressure change, V = the volume change, A = energy of 
the pulse impact and A' the energy of the elastic wall. 

The net energy due to the impact can be determined by subtracting 
the latter. The net value can be ascertained from the diagrams 
by drawing back horizontal lines to the point where the bend in 
the ascending curve occurs and taking a point (heavy circle) in the 
middle of this line. The hyperbole upon which this falls represents 
the net energy of the pulse. 

For the limited clinical application, Christen's original monograph 
should be consulted. Criticism or commendation must be tenta- 
tively withheld until its possibilities can be further tested out. 
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CHAPTER XV. 

THE VOLUME FLOW AND VENOUS PRESSURE IX I\L4X. 

By volume flow is understood the quantity of blood flowing through 
an organ or the entire body in unit time. It is to be distinguished 
from the velocity of the blood flow which means the rate at which 
" blood moves in unit time. The latter depends on the diameter 
of the tube as well as on the volume flow; hence, one maj^ be 
altered without the other. This distinction which is not always 
made is of more than academic interest. The important question 
is often raised whether the circulation functionates in such a way 
that an adequate volume of blood — upon which a proper interchange 
of waste products, nourishment, etc., depend — is passing through 
the organs. It is of less concern whether it flows through the 
narrow arteries at a great velocity or through large arteries at a 
lesser velocity, provided only that the supply is sufficient. We 
shall therefore concern ourselves only with the question of volume 
flow and refer back to the question of velocity to chapters in the 
first section. 

METHODS OF ESTABLISHING THE VOLUME FLOW. 

Plethysmographic Method. — This method depends on the prin- 
ciple demonstrated by Brodie, that if the vein from an organ is 
suddenly occluded, the \'olume increases constantly for a short 
interval before venous congestion has occurred. In the plethysmo- 
graphic methods (Miiller, Hewlett and Van Zwaluenburg) (Fig. 
63), the forearm is placed in a plethysmograph (P) connected with 
a sensitive manometer and float (Miiller) or with some form of 
volume recorder (U) (Hewlett and \'an Zwaluenburg). A narrow 
pressure cuff (C), such as is used in determining blood-pressure, is 
placed around the arm above the plethysmograph with the lever 
of the volume recorder writing horizontally on a revolving drum. 
The pressure in the cuff is raised quickly to about fifty millimeters 
of mercury by opening a stop-cock communicating with a large 
flask (.1) containing air utider such pressure. This pressure is 
sufficient to prevent venous outflow but presumably does not affect 
arterial inflow. For a short time the arm swells at a constant rate 
but soon diminishes because blood is dammed up in the capillaries 
and later still, when the venous pressure has risen extensively, 
15 
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blood is forced out under the cuff. Only the first part of the curve 
can therefore be used to determine the normal arm flow. By 
subsequently closing off the plethysmograph (Z) and allowing 
a definite quantity of water to flow from the burette (Y) into the 
flask, the lever record can be calibrated and the quantity of blood 
flowing into the arm calculated. By simultaneously recording the 
time in seconds, the flow per second is determined. The volume 
of the forearm enclosed within the plethysmograph is ascertained 
by determining the volume of water displaced by thrusting it into 
a vessel of water to the same mark at which it entered the plethys- 
mograph. The flow may then be calculated in terms of cubic 
centimeters per minute per hundred grams arm substance.^ 




Fig. 63. — Diagram showing Hewlett and Van Zwaluenberg's method for estimating 
the rate of blood flow in the arm. (After Hewlett and Van Zwaluenberg.) 



Calorimetric Method. — This method, devised by Stewart, depends 
on the principle that the heat given off by the hand at rest is derived 
almost entirely from the circulating blood. Knowing the tem- 
perature of the arterial blood, the temperature of venous blood and 
the number of calories given off in a given time, the amount of 
blood that must have flowed in a given area can be calculated 
by the following formula : 



•3 - T - T' ^ s ■ 

In this formula Q is the blood volume; H, the heat eliminated (in 
calories); T, the temperature of arterial blood; T', the temperature 
of venous blood, and s is the specific heat of blood which equals 
0.9. The volume of the hand is determined as before by measuring 
the amount of water displaced. 

iBy substituting a segment capsule as a volume recorder, Hewlett and Van Zwal- 
uenberg have recently been able to calculate acomately the "pulse flow," i.e., the 
arm flow during each pulse beat. 
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The calorimeter into which either a hand or foot is placed consists 
of an interior copper vessel containing a known amount of water. 
Into this the hand is inserted through an opening in the lid, heat- 
tight closure being obtained by a collar of felt. The interior vessel 
is packed in cork to prevent loss of heat or irregular cooling, when 
exposed to draughts. The heat lost by the calorimeter is estimated 
separately and added to the results of experiments. The hand is 
immersed in water at the temperature of the calorimeter previous 
to an experiment for ten minutes. The temperature within the 
calorimeter is read to hundredths of a degree. 

The temperature of the incoming arterial blood is considered to 
be 0.5° lower than rectal temperature, that of the incoming venous 
blood as equal to the average temperature of the calorimeter during 
an experiment. 

It may be pointed out that both of these methods which measure 
the volume flow through a peripheral organ do not necessarily give 
an indication of a similar flow through other organs, since it is 
well known that a sort of reciprocal relation exists between the 
splanchnic and limb circulation in many conditions. 

Gasometric Method. — ^The gasometric method is calculated to 
supply a way for estimating the volume flow of the entire circula- 
tion or the minute volume, as it is termed. If we count the pulse 
rate as well, the average volume of blood flowing through the 
peripheral vessels during the interval of a single pulse beat, that is, 
the pulse volume may be determined. Although the method is 
very complicated and ill adapted for ordinary clinical usage, the 
results obtained with it are of such great importance that a brief 
description of the essential principles and processes may be 
given. 

The method is based on the principle first enunciated by Fick 
in 1870, that if we know first, how much oxygen is consumed by 
the tissues per minute, and second, how much oxygen is required 
to arteriolize, say 100 c.c. of venous blood, we can calculate the blood 
flow required to deliver this quantity of oxygen to the tissues. 
The amount of oxygen consumed may be determined by measuring 
the quantity taken from the air by the lungs in a minute. The 
volume of oxygen necessary to convert venous into arterial blood 
is determined by taking the difference between the volume per 
cent, of oxygen in the venous and in the arterial blood. Then the 
following proportion can be made : 

,,. , , J irvn volume per cent, difference between 

Minute volume : oxygen used = lUU : i. ■ i j i_i j 

js, arterial and venous blood. 

Thus, if the oxygen content of arterial blood is 20 volume per 
cent, that of venous blood 13 volume per cent., the difference will 
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be 7 volume per cent. If now 200 c.e. of oxygen were used during 
that minute, 

Minute 200x100 

, = = 2857 c.c. 

volume 7 

If this is divided by the number of heart beats, for example 70 
per minute, the pulse volume of 40.8 is found. 

Method of Application. — In order to apply this principle, it is 
evidently necessary to know: 

(a) The volume per cent, of oxygen of the arterial blood as 
it leaves the heart. 

(b) The volume per cent, of oxygen of the venous blood in the 
right heart. 

(c) The volume of oxygen consumed per minute. 

To determine the volume per cent, of oxygen in the arterial 
and venous bloods, it is obviously impossible in man to make 
direct blood-gas analyses as in animals. It is therefore necessary 
to utilize indirect methods. 

To Determine the Volume Per Cent, of Oxygen in Arterial Blood. — 
Since the oxygen tension of arterial blood is presumably the same 
as that of alveolar air, the volume per cent, of oxygen in the arterial 
blood may be determined by the following series of procedures 
(Plesch) : 

1. The tension of alveolar oxygen is determined according to 
the formula: 

(ax02%--29.3)(P - 49) 



T = 



- S. 



in which a equals the tidal volume determined by a gasometer, 
O2 the percentage of oxygen determined by direct analysis of a 
sample of expired air; P the barometric pressure. The figure, 
29.3, represents the oxygen in the dead air-space; the figure, 49, 
the water vapor tension of the expired air at 37° C, and S, the 
volume of the dead air-space (equal to about 140 c.c). 

2. The percentage oxygen saturation of arterial blood is calcu- 
lated from the alveolar tension by the following table: 



Alveolar tension 


Saturation of arterial blood 


mm. mercury. 


per cent, oxygen.' 


70 


86 


75 


88 


80 


90 


85 


92 


90 


94 


95 


95 


100 


98 



3. The volume per cent, of oxygen in arterial blood is then 
determined by multiplying this figure by the saturation capacity 
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of the blood, as determined either by blood gas analysis or hemo- 
globin estimation for the blood of the individual under examination. 
To Determine the Volume Per Cent, of Oxygen in Venous Blood. — 
The principle consists in increasing the total lung space by breathing 
and rebreathing the air from a sensitive rubber bag. The air in 
the bag soon reaches the composition of the alveolar air, the oxygen 
tension of which is assumed to be identical, within 40 seconds, 
with that of the venous blood. Since, however, the analysis of this 
mixture of gases fails to take cognizance of the oxygen available 
in the residual air, it is desirable to dilute this residual oxygen by 
breathing (after a preliminary deep expiration) into a bag of nitrogen 
gas of 10 liters capacity during two respirations, then, by quickly 
turning a stop-cock, breathing for 5 to 15 seconds into an empty 
bag of 3 liters capacity. 

1. Having determined the composition of this rebreathed air, 
the tension of oxygen in venous blood is calculated by multiplying 
the percentage volume by the existing barometric pressure corrected 
for aqueous vapor tension at 37° C. 

2. The percentage oxygen saturation of the blood is estimated 
by the dissociation curve of Bohr, Hasselbach and Krogh, shown in 
Fig. 64. By following the line corresponding to the oxygen tension 
up until it strikes the curve of CO2 tension (as found in alveolar air) 
and reading the figure of this abscissa on the left hand side, the 
percentage oxygen saturation can be determined for venous blood. 

3. The volume per cent, of oxygen in venous blood may then be 
determined by multiplying this figure by the oxygen capacity of 
that individual. 

The Oxygen Consumed Per Minute. — To determine the oxygen 
consumption, either the more complex apparatus of Benedict, 
or the simpler Douglas bag may be used. This consists of a large 
bag into which the patient breathes the expired air. After a clip 
has been applied to the nose the patient breathes through the 
mouth-piece communicating with a valve permitting an intake of 
atmospheric air and allowing the expired air to pass only to the bag. 
The time that air is breathed into the bag is noted, its volume 
subsequently measured and the difference between its oxygen 
content and the corrected oxygen content of atmospheric air deter- 
mined. The corrected oxj^gen content (A') may be calculated by 
the proportion : 

% N in air : % N in bag = % O in air . X. 

The Mass Movement and the Recoil Curve. — While the afore- 
going method offers a means of determining the minute volume 
of the circulation and the systolic output of the ventricle, it gives 
no details of the mass movements and distribution of the blood 
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during systole and diastole. This, Henderson has songht to do l)y 
recording the recoil curve of the hodv while the hreath is jicld. 




Fig. 64. — Plotted curve .showing tension in nun. of mercury (vertical fit;ure.s) as 
related to percentage o.xygen saturation (horizontal lines) at different C^O- tension. 
(After Bohr, Hasselbach, and Krogh.) 
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To accomplish this the subject Hes on a horizontal board which is 
suspended from a frame by four music wires and prevented from 
undergoing lateral movements by pointed steel pins resting in 
conical cups on the frame. The horizontal movements magnified 
100 times are recorded on a smoked surface. 

The principle of the apparatus is briefly as follows: When a 
subject is supported on a swinging table, every mass movement 
of blood headward or feetward is associated with an equal move- 
ment of the body in an opposite direction. If a headward and feet- 
ward movement occur simultaneously, the movement of the body 
depends on their algebraic sum and the curve gives a record of the 
relative distribution of blood above and below the centre of body 
gravity. Thus, during systole, the algebraic mass movement occurs 
first headward to a slight degree, than markedly feetward, and 
again markedly headward. The second or feetward movement 
occurs synchronously with the carotid rise and has been interpreted 
as indicating the ejection of blood into the aorta. The last or head- 
ward movement is intrepreted as due to the movement of blood 
beyond the arch of the aorta. 

Henderson believes that the volume of the systolic discharge 
per unit body area may be obtained by dividing the distance that 
the body has moved by the height of the individual. The clinical 
applicability of such a device must abide further investigation. 



CUNICAL ASPECTS OF BLOOD-FLOW DETERMINATION. 

Normal Cases. — The minute volume, according to Pletsch, 
normally varies from 3732 c.c. to 5334 c.c, an average of 4359 c.c. 
The average pulse volume was found to be 58.74 c.c. No propor- 
tionality was found between minute volume and pulse rate. Calcu- 
lated per 100 grams of body substance, the volume flow varied from 
3.9 c.c. to 8.8 c.c. per minute, an average flow of 6.12 c.c. per minute. 
These figures agree closely with those obtained by Lowey and 
Schrotter who found an average flow of 6.4 c.c. per 100 grams per 
minute, and also with the figures for the volume flow in the extremi- 
ties. Thus Hewlett and his co-workers found a variation between 
2 and 8 c.c. per 100 grams of arm substance per minute and Stewart 
obtained figures ranging from 3.5 to 14 c.c. of blood flow per 100 
grams per minute. 

Pathological Cases. — In many pathological conditions of the 
cir-culation the volume flow is practically unchanged, indicating 
that the circulation is efficiently carried on in spite of pathological 
processes. This is frequently the case where there is distinct 
evidence of valvular lesions. Pletsch found the average flow per 
100 grams actually increased in some instances. When decom- 
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pensation occurs, however, the volume flow decreases, especially 
in the limbs. 

The reduction in the peripheral volume flow is greatest in cases 
of heart irregularities and where there is other evidence of myo- 
cardial impairment. This occurs even when no proof of valvular 
lesions exists. This emphasizes the fact insisted on by Mackenzie, 
that impairment of cardiac power and not back pressure from 
valvular insufficiency is responsible for the ill-effects in cardiac 
cases. 

The peripheral flow is markedly reduced in arteriosclerosis and 
no further reduction of flow is obtained by dipping the opposite 
hand in cold water. 

The minute volume, as also the peripheral volume flow is distinctly 
increased in cases of exophthalmic goitre. Pletsch found an average 
minute volume of 5286 c.c. with a flow per 100 grams of 9.73 c.c. 
per minute. Stewart also found an exceptionally large flow in the 
hands (14.18 c.c. per 100 grams per minute). 

In anemias a curious relation between the minute volume and 
the peripheral flow exists. Pletsch found a large increase of minute 
volume averaging 9083 c.c, giving a flow of 13.23 c.c. per 100 grams 
per second. The increase is greater than is accounted for by the 
heart rate since the pulse volume equaled 142.9 c.c. The peripheral 
volume flow, however, is diminished in anemias, less in chlorosis 
than in other forms. Stewart regards this as a compensatory 
endeavor on the part of the peripheral mechanism to divert the 
blood from the periphery to the more vital organs, in this way 
assisting the return of blood to the heart and lungs by shortening 
the circulation time. 
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VENOUS PRESSURE MEASUREMENTS. 

Methods and Technic. — Method of Gaertner. — This method which 
was primarily suggested but not developed by Frey, is based on 
the principle that the veins of the extremities represent a manometer 
column in communication with the auricle; hence, if the arm is 
raised they collapse when the hydrostatic pressure within them 
counterbalances the pressure in the right auricle. The following 
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procedure is usually followed. With the subject seated erect be- 
fore the measuring apparatus, the position of the centre of the 
costo-sternal angle is first ascertained. The experimenter then 
supports the relaxed arm of the subject by the elbow and the hand, 
bending the arm at an angle of 120°. With a good illumination on 
the back of the hand, the whole arm is raised to such a level that 
the veins collapse. The distance between this level and the point 
fixed on the chest is then measured by the aid of a meter rule or 
by a special set of pointers. It represents the auricular pressure 
in mm. of blood which approximates water in its specific gravity 
sufficiently closely so that it may be translated without correction. 

V. Recklinghausen has suggested the following convenient 
though rougher modification for bedside use. The one hand of the 
patient in recumbent posture is allowed to rest by his side on the 
bed, the other is placed on the thigh. If the veins of the latter 
collapse while those of the former fill, normal pressure relations 
exist. If the veins of both collapse venous pressure is low. If the 
veins of both fill, venous pressure is high. 

Method of v. Recklinghausen and its Modification (Fig. 65). — The 
principle first suggested by v. Recklinghausen consists in exerting 
a pressure over some superficial vein by a transparent device through 
which the collapse of the vein can be observed. The essential 
parts of the apparatus consist of a water manometer for measuring 
the pressure, a bulb for increasing or decreasing it, and, in addition, 
a device for applying it to the vein. This pressure box has been 
given several forms. In v. Recklinghausen's apparatus it consists 
of a small rubber bag (5.5 cm. in diameter) with an opening in the 
centre. Over the top of this a glass plate is laid. Eyster and 
Hooker substituted for this a small glass pressure box covered below 
with rubber in which an opening had been cut. The writer has 
used for three years an ordinary thistle tube, the stem of which 
was cut off and bent and the flange of which was covered with 
rubber dam with an opening in the centre. Recently, Hooker 
has similarly employed a light glass cup, 20 mm. in diameter, which 
may be used without the rubber dam. 

The ring of the v. Recklinghausen apparatus is fitted air-tight 
to the skin coated with glycerine and the top is covered with a 
glass plate. The older pressure box of Eyster and Hooker as well 
as the thistle tubes are similarly rendered air-tight but are held on 
by tapes or straps. In the recent modification of Hooker the 
chamber is only temporarilj' held with a rubber band encircling 
the hand. It is then cemented to the skin by a film of collodion 
allowed to fill in the angle formed between the skin and the glass cup. 

The technic consists in applying this chamber to the vein of a 
passively resting arm and raising the pressure within the system 
until the vein under good illumination collapses. Some degree of 
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judgment is required to decide this point exactly. According to 
Hooker, the most consistent results are obtained when the reading 
is made at the point where slight oscillations of pressiu'e cause 
the vein shadows to come and go quickly. The pressure reading 
thus obtained must be corrected by adding or subtracting the 
hydrostatic column between the level of the vein and the mid-point 
of the sternal angle which is arbitrarily taken as the right auricular 
level, as in Gaertner's method. 




Fig. 65. — Hooker and Eyster's venous pressure apparatus. (After Hooker and 

Eyster.) 



Venous Pressure Gauges. — If the blood is stroked out of a super- 
ficial vein in the direction of the heart, the vein collapses as far 
peripherally as the next venous valve. Both Oliver and Sewall 
have devised instruments called pressure gauges which replace the 
finger and exert a variable pressure on the vein. By totally com- 
pressing it and then releasing the button until the blood jiist flows 
through, the pressure exerted by the peripheral venous blood may 
be estimated by a spring guage. To obtain accurate comparisons, 
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the readings are corrected by the hydrostatic differences between 
the level of the vein and the costo-sternal angle, as in the methods 
of Gaertner and v. Recklinghausen. 

Plethysmographic Method. — Two cuffs are applied, one to the upper 
arm and the other to the forearm. The forearm cuff serves as a 
plethysmograph and hence is very slightly inflated so as to exert 
a very little pressure (not more than 1 cm. water). It may be 
connected to a water manometer or some form of recording tambour 
(Frank and Reh). The upper cuff is then very slowly inflated 
until the volume and pressure in the lower cuff increase due to 
the damming back of blood, when the veins of the upper arm are 
compressed. 

Direct Measurement. — ^The direct measurement of venous pressure 
is carried out, after the description of IMoritz and Tabora, by 
aseptically inserting a needle into the median vein of the forearm 
and allowing a sterile saline solution to slowly enter from a burette 
graduated by a millimeter rather than a centimeter scale. When 
the inflow ceases, the level of the saline above the level of the 
heart represents the venous pressure in mm. of water (Fig. 66). 

Clinical Value of Accurate Venous Pressure Determination. — ^The 
procedures for determining the venous pressure so far described 
have been largely used to study its height and variation in normal 
cases. Thus, it has been determined by Hooker and Eyster that 
the corrected auricular pressure varies from 2 to 16 cm. of water, 
although Hooker obtained somewhat higher figures with his newer 
apparatus. During exercise the pressure rises to 18 or 22 cm. of 
water. The venous pressure undergoes diurnal variations, rising 
from 10 to 20 cm. during the day and decreasing by a corresponding 
amount during the night, the average pressure during the day being 
about 15 cm. The venous pressure is regulated by the intrathoracic 
pressure. When this approaches atmospheric the venous pressure 
rises and vice versa. 

Local dilations and contractions such as are induced by heat and 
cold may not affect the venous pressure, thus showing that a 
relation does not necessarily exist between the venous pressure and 
the caliber of the vein. This leads to the conclusion that the 
prominence of the veins is not always an index of the venous 
pressure. 

Clinicallj- the value of accurate venous pressure measurements 
has not been sufficiently developed to warrant a statement concern- 
ing their possible diagnostic significance. Eyster and Hooker 
report a few cases showing a higher pressure in pathological con- 
ditions, and Sewall believes that more information may be gained 
by comparing the ratio of venous and arterial pressures. He 
divides the clinical cases with disturbed venous pressures into the 
following classes: 
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(a) Those in which the ratio of arterial to venous pressure is 
incri'ased. This is (hie to a ])ositive elevation of arteral pressure 
in such disorders as \'asoniotor spasm, increased \'iscosity of the 
blood, and arteriosclerosis. 

(h) Those in which the ratio of arterial to venous pressure is 
decreased. This is due t(» a positi\'e ele\'ati()n of tiie \'enous ])ressure 
caused either by physical obstruction of the output of the right 
heart or b\- functional changes of interme(liar\ nietabolisin. 




Fig. 60. — Mortiz-Taliora's method of estimating venous pressure. (Afler Huffman ) 



(V-) Those in which the ratio of arterial to venous ])ressure is 
not materiall)' changed but both are abnormally high. In these 
conditions a general ])leth(ira exists. 

(d) Those in which the ratio of arterial to venous ])ressure is 
not materially changed but both are low. In these a condition of 
asthenia or decompensation is imminent. 



VENOUS PRESSURE MEASUREMENTS 'Lit 

The following table compiled by Austin in Xorris' volume on 
blood-pressure, summarizes the variations in venous pressures 
obtained by different observers : 





At heart level 


Normal 


Pathologic 


Venous pressure. 


cm. of HjO. 


mm. Hg. 


cm. HjO. 


mm. Hg. 


Sewall . 


4.6 to 5.2 


3.4 to 3.8 






von Basch 


8.8 


6.5 






von Recklinghausen (filled) 


14 to 22 








(veins empty) 


20 to 26 








Hooker-Eyster . 


3 to 10 


2.2 to 7.3 






Frank and Reh 


1 to 6 


7 to 4.4 


to 17 


to 12.5 


Howell .... 


4 to 13 


2.9 to 9.5 


7 to 25 


5.1 to 18.4 


Moritz and Tabora 


1.1 to8.7 


0.8 to 6.4 







Summary 1 to 13 0.7 to 9.5 up to 25 up to 18 + 

The Effective Venous Pressure. — The significance and clinical 
value of exact venous pressure measurements is no doubt minimized 
by the fact that the filling of the heart is not determined, as in the 
opened chest, by the actual venous pressure but b\' the "effective 
venous pressure," as the difference between intrathoracic and 
venous pressure is called (c/. page 61). It follows, that any 
increase in intrathoracic pressure may increase the extrathoracic 
venous pressure without any disturbance of cardiac activity. 
Unless it can be assumed that intrathoracic pressure remains 
unchanged, or unless some simple and safe method for its simul- 
taneous determination can be found, the value of venous pressure 
measurements in pathological cases is not evident. 
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CHAPTER XVI. 
THE RADIOGRAM AND ORTHODIAGRAM. 

PHYSICS, APPARATUS AND TECHNIC IN ROENTGEN RAY 
EXAMINATION OF THE HEART AND LARGE VESSELS. 

When an electric current of high voltage sparks from the anode 
to the cathode of a tube exhausted to a high vacuum, a stream of 
molecular particles called cathode rays is repelled from the cathode. 
Upon striking a solid substance, as a "target" or anticathode 
(Fig. 67), it produces certain rays known after their discoverer as 
Roentgen or a;-rays. It is clearly the function of an x-ray tube to 
transform the energy of the electric current to a new form of energy 
known as Roentgen rays. These rays differ from ordinary light 
rays in that they are themselves invisible, penetrate obstacles in 
accordance with their atomic weight and not according to their 
molecular arrangement, are not refracted by prisms, concentrated 
by lenses nor reflected from the highest polished surfaces so far 
made. They resemble light in that they are a form of transverse 
vibration of the ether (though of much higher frequency) and also 
produce chemical effects upon photographic plates and animal 
tissues. Their value in studying the intrathoracic organs lies' in 
the fact that the penetrating power of the rays depends on the 
density of the structures through which they have to pass. The 
heart and large vessels, for example, on account of their high 
atomic weight, absorb a larger number of rays than the air-contain- 
ing lungs which, by contrast, allow the rays to pass better. ^By 
placing on one side of the chest an a;-ray tube and on the other a 
photographic plate or a fluoroscopic screen which is rendered lumi- 
nous by the penetrating rays, the shadows of the heart and large 
vessels can be clearly distinguished from the lungs. 

The definition shown in a radiogram, as the photographic plate 
or print is termed, depends on the character of the tube used and 
its adaption for the object to be transillumined. X-ray tubes are 
classified as "hard" and "soft" in accordance as their vacuum is 
high or low and the penetrating power of the rays generated, great 
or small. It is possible to obtain tubes of such hardness that even 
the bones are readily penetrated. In obtaining radiograms of the 
intrathoracic organs, medium hard tubes seem to be preferable, 
for in radiograms so obtained the shadows of the sternum and 
vertebrae are less prominent and the heart shadow is consequently 
clearer. 
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The only known form of energy which is at present capable of 
being transformed into a;-rays is the electric current. The ideal 
current is one that is uni-directional, of high voltage, of uniform 
intensity, and evenly interrupted. The static machine, at first 
almost entirely used, supplies such a current but has proven unsat- 
isfactory in radiographic examination of the thoracic organs since 
the current is not of sufficient intensity to permit as short an 
exposure as desired. The induction coil which generates a current 
of greater intensity and high voltage has therefore been brought 
largely into service. As is well known, this consists of a primary 
coil and some special form of automatic interrupter supplied by a 
constant current from an electric light circuit or storage battery. 
The current produced in the secondary coil by induction has the 
disadvantage of being alternating in character, and the reason that 
it can be used with x-ray tubes at all lies in the fact that, owing to 




Fig. 67. — Diagram showing x-ray tube and ventril tube in series: A, anode; 
T, target; C, cathode; P, aluminum electrode, and N, spiral electrode. 

self induction in the primary on the "make," the current in one 
direction is far stronger than in the other, thus giving a current 
predominating in one direction. This inverse current, as the make 
current is called, is deleterious, however, both because it gives rise 
to stray x-rays and also because it shortens the time a tube remains 
usable. Various devices for preventing the entrance of the inverse 
current into the tube or for converting it into a current of opposite 
direction have been devised. The simplest procedure is to place 
the tube in series with a spark gap across which the inverse current 
cannot leap. Its passage is more satisfactorily prevented, however, 
by placing a ventril tube or valve tube in series. This device (Fig. 
67) consists of a vacuum tube with two electrodes, one of which 
(P) is a small aliuninum affair, the other, ( iV) a long spiral of greater 
surface. When the direction of the current is such that the spiral 
( N) is the cathode, the current passes readily, whereas its passage 
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is entirely prevented wlien it heeomes the anode. These valve 
tubes are even more needed when the current su])|)lying an ,r-ray 
tube is generated l)y a transformer, for an alternating high \'oItage 
current so generated, unlike that from the induction coil, is ecjual 
in each direction and is itself entirely useless unless the current in 
one direction is sup])ressed. 

The technic of .r-ray examination need be only \'ery briefly 
indicated. The tube grasped in a suitable holder and enclosed 
in a lead and rubber lined box which permits rays to escaj^e only 
ill a forward direction is placed about (iO cm. from one side of the 
chest. The plate within its light ])rotecting en\'elope is placed in 
as close contact with the chest wall as possible. The aligmnent 
between tube and plate is such that the middle of the target is 
ptTpencficularly in line witii the middle of the plate (Fig. (iS, c-c). 



Fig. 68.- 




-Diagrain illustradiiii the diffcrfnce in the .size r»f the shadow when 
protected hy divergent and parallel rays. 



The transillumination of the chest is usually made in a dorso- 
\entral (tube behind, plate in front) or a ventrodorsal (tube in 
front, plate behind) direction because the best definition can be so 
obtained. Exposure in lateral or diagonal planes are sometimes 
necessary, however, for supplementary information. In taking 
radiograms of the heart it is desirable to make the exposure so brief 
that it can be obtained at the height of a natural inspiration. By 
proper selection of the tubes and plate and by coT,'ering the plate 
with an intensifying screen, it has been found possilile to obtain 
radiograms in a fraction of a second. These intensifying screens 
are plates coated with some substance such as calcium tungstate, 
which allows all the .r-rays to pass readily and, in addition, becomes 
luminous and so more readily affects the plate. 
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Since the ar-rays emanating from the anti-cathode are divergent, 
it becomes evident that the heart shadow must be larger than the 
actual size of the heart (Fig. 68), furthermore, that the degree of 
enlargement depends on (a) the proximity of the plate and tube 
to the chest and (&) on the proximity of the heart to the tube. 
Thus, the base of the heart which lies posterior to the apex is enlarged 
more than the apex. It follows that only by keeping the plates 
and tubes at exact distances from the chest in different subjects 
or in subsequent observations upon the same subject, can even an 
approximately correct idea of the heart area be obtained. Even so, 
the radiogram should be regarded as qualitative and not quanti- 
tative. Various attempts have been made to overcome this artificial 
enlargement of the heart area. All efforts to convert the divergent 
rays into parallel rays have failed. If, however, the tube is removed 
to a greater distance from the chest, the rays become more nearly 
parallel and the error is greatly diminished. Only recently has it 
been possible to use tubes at a distance of two meters and obtain 
radiodiagrams within an exposure time of one and one half to 
two seconds (Grodel). Plates so obtained may be termed tele- 
radiograms. 

In 1900, Moritz devised an apparatus, the orthodiagraph, which, 
as improved upon by subsequent workers, offers the most exact 
method of determining the heart area. The principle of the ortho- 
diagraph may be explained by reference to Fig. 68. If the target 
of an a;-ray tube be shifted so that the central ra\'s (c c) emanating 
from it at right angles to the body axis touch the heart boundaries 
tangentially as at and d, the heart shadow will be projected by 
parallel rays upon the screen. It should be borne in mind, however, 
that on account of the sloping position of the heart, neither the 
dorso-ventral nor the A^entro-dorsal orthodiagram, as the record 
is termed, gi^•es its correct anatomical length. Fortunately, 
however, the correct breadth is more nearly projected. 

The technic of operating an orthodiagraph can be only briefly 
described in this book. For a more comprehensive description, 
the small volume by Grodel may be recommended. Fig. 69 
illustrates one form of this apparatus which may be used either 
in horizontal or vertical posture. The patient lies upon a table 
beneath which the .r-ray tube (A) is held. Fastened to the same 
vertical arm (X) is a small screen (B). Upon this screen is a mark 
centred so that it is directly over the middle of the anticathode. 
By a special mechanical device these two points move together in 
various directions so that the same central rays pass between them. 
Any point of the heart border during diastole which is visible upon 
the screen is made to coincide with the mark upon the screen. 
By tracing this mark around the heart and lung borders they may 
be outlined and graphically recorded upon a parallel plane (C) 
16 
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below tlie table b\' a pencil (D) which is in line with the target and 
mark. The record so obtained is called an orthodiagram. Since 
an inter\-al of time mnst naturally elapse before the heart can be 
outlined, it is necessary to allow the patient to breathe quietly. 
These respiratory movements and the movements of the heart 
itself are factors which interfere slightly with a correct projection 
of the heart, and, together with the personal ecjuation of the o])er- 
ator, constitute the greatest source of the error incurred in ortlio- 
diagraphic work, ^'arious procedures, as stereoscopic pictures and 
kinematographic pictures of the heart are being tested with the 
hope of obtaining still better methods of outlining the heart anri 
studying its action within the closed chest. 




The Ortliodiagiaph. (After Grodel.) 



THE NATURE AND SIGNIFICANCE OF NORMAL RADIOGRAMS 
AND ORTHODIAGRAMS. 

In Fig. 70 is shown a radiogram taken in the dors()\'entral diameter 
(tube behind). Aside from the shadows of the l)ony structures 
which do not concern us, the positive print shows two lateral light 
areas in each of which a fringed shadow indicates the roots of the 
iungs. Central to this appears the flask-shaped darker shadow of 
the heart and large vessels. The shadow is not ecjually dense 
throughout, but, owing to the air-containing trachea is distinctly 
lighter in its upper portion. Upon fluroscopic examination, it is 
observed that the right portion (Fig. 70, A) undergoes a very slight 
presystolic pulsation, while the right upper Itorder at B often shows 
a systolic enlargement. The lower left border (C) shows a systolic 
decrease in size while the upper border ( D) slightly later shows a 
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systolic enlargement. In the orthodiagram (Fig. 71) we recognize 
two distinct arcs on tlie right and three on the left boundary of the 




\'u,. 711. — Xc.rinal ra'lio^nmi of hrait during inspiration. lAfter Grocdcl.) 




Fig. 71. — Orthodiagram of normal heart. 1, right auricular curve; 2, great ves- 
sels curve; 3, aortic curve; 4, pulmonary curve; 5-6, left ventricular curve. M R, 
median right diameter; M L, median left diameter; T. D., sum of M R and M L; 
L D, longitudinal diameter; C E, central line. 



heart. By the nature of the pulsations just described, as well as 
by iHi^tmortem exaniin;itioii, it has been esta})lished that the upper 
right ;irr houiids thi' aorta, (occasionally the vena cava) while the 
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lower encircles the right auricle. On the left side the upper arc 
marks the boundary of the aorta, the second that of the pulmonary 
artery while the lower arc indicates the left ventricle. The shadow 
of the right ventricle merges with that of the diaphragm below. 
1 In a normal orthodiagram, it is possible to make definite measure- 
ments and so quantitative comparisons. According to the system 
introduced by Moritz, it is customary to measure (Fig. 71) the 
greatest distance to the right and left of the median line (MR and 
ML), the total transverse diameter T {= MR + ML) and the 
diagonal length (L D). The measurements collected by various 
observers show a variation in different individuals. They may be 
said to increase in proportion to body weight and size, they alter 
with age and occupation, they differ in the two sexes; but very little 
difference seems to exist between those made in vertical and in 
horizontal positions. In children the measurements do not vary 
in accordance with size or weight and sexual differences are absent 
until puberty. The following table compiled from the combined 
results of Dietlen, Grodel and Verth gives average variations at 
different ages and in individuals of different body weight and size. 









Table I. 










Position. 


Size cm. 


Sex. 


Age. 


MR. 


ML. 


L. 


Author. 


Horizontal 


145-lSl 


Male. 


20 or over. 


3.7 


8.5 


13.4 


Grodel. 


" 


155-164 


" 


" " 


4.2 


8.7 


14.0 


" 


" 


165-174 


" 


" " 


4.3 


8.8 


14.2 


" 


" 


175-187 


" 


" " 


4.5 


9.3 


14,9 


" 


" 


145-154 


" 


15-19 


3.5 


7.5 


11.8 


" 


" 


175-182 


" 


15-19 


4.0 


7.9 


13.7 


" 


Vertical 


145-154 


*' 


Grown 


4.7 


8.0 


12.9 


" 


" 


175-185 


" 


ii 


4.7 


8.5 


14.2 


" 


" 


145-154 


" 


Before puberty. 


3.9 


7.4 


11.8 


" 


" 


175-187 


" 


" " 


4.0 


8.0 


13.7 


" 


Horizontal 


145-154 


Female 


17 or over 


3.5 


8.3 


12.8 


Dietlen 


" 


165-174 




" " 


3.7 


8.8 


13.6 


" 


" 


145-154 


" 


15-17 


3.5 


7.5 


12.4 


" 


" 


165-174 


" 


15-17 


3.4 


7.7 


12.7 


" 


Vertical 


145-154 


« 


Mature 


3.8 


8.0 


13 


Grodel. 


" 


165-174 


" 


II 


■ 4.0 


8.1 


13.2 


" 


" 


145-154 


" 


Immature 


3.1 


7.0 


11.2 


" 


" 


165-174 


" 


" 


4.1 


7.0 


11.8 


" 


Horizontal 


111-120 




Children 


2.9 


6.35 


9.9 


Verth. 


" 


121-130 




" 


3.6 


6:9 


10.6 


" 


" 


131-140 




" 


3.3 


6.9 


10.9 


" 


Vertical 


111-120 




" 


2.85 


5.97 


9.3 


" 


" 


121-130 




" 


3.04 


6.35 


10.1 


" 


" 


131-140 




" 


3.08 


6.79 


10.9 


" 



A perusal of this table and others published by these investigators 
shows that certain measurements may vary under different con- 
ditions as much as three centimeters, a fact which makes question- 
able the value of the orthodiagram as a means of detecting slight 
variations in the size or form of organs due to disease or treatment. 



CUNICAL SIGNIFICANCE OF X-RAY EXAMINATION. 

Combined fluoroscopic, radiographic and orthodiagraphic exami- 
nations of diseased conditions give evidence of the nature of the 
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affection through the occurrence of changes in (a) the character of 
the pulsation, (b) the position of the heart and (c) the size and form 
of its outhne. 

In fluoroscopic examinations the lower right border (right auricle) 
expands extensively during systole in some cases of tricuspid 
regurgitation. The upper left border (aorta) gives strong systolic 
expansions in aortic insufficiency. Whenever the pulsations of the 
left auricle become visible, as in mitral lesions, they are differentiated 
by being presystolic in time. Strong pulsations of the pulmonary 
artery are evident on the left side in cases of persistent ductus 
arteriosus, or more frequently, when a severe stasis due to mitral 
lesions is present. They have been observed when an aneurysm 
ruptures into the pulmonary artery, but this event is rare. Abnor- 
mal rhythms, as heart block and pulsus alternans, have been studied 
and diagnosed by fluoroscopic methods, but this procedure possesses 
no obvious advantages over auscultation. 

A change in the position of the heart may occur (a) from con- 
genital causes, as situs inversus vicerum, (6) from pleural and 
pericardial adhesions, or (c) from changes in the intrathoracic 
volume. These last are very common. Even normal variations 
are caused by the varying position of the diaphragm. In long- 
chested individuals the cardiac shadow is long and narrow, the 
axis being more vertical, while in short-chested individuals or in 
those in whom the diaphragm is pushed up by abdominal distention, 
it is broad and assumes a more horizontal axis. Its position 
changes as the diaphragm ascends and descends in respiration. 
It should be remembered that normally the heart is subject to 
considerable shifting and undue weight should not be attached to 
slight variations in position. If for any pathological cause (e. g., 
enlargement of the liver) the right dome of the diaphragm is pushed 
upward, the heart shadow will be displaced to the left. Pulmonary 
affections such as atalectasis, tuberculosis and pneumothorax cause 
a traction on the heart toward the side of the lesion. On the 
contrary, pleural effusions, tumors, etc., push the heart toward 
the opposite side. 

Changes in the size of the heart shadow or orthodiagram when 
sufficiently marked to be safely beyond the limits of normal varia- 
tion, are of the greatest practical importance when obtained by 
guarded technic. The heart shadow probably decreases whenever 
the heart accelerates (e. g., in exercise, tachycardia, after atropine), 
although the results obtained concerning this point have been 
discordant. During asthmatic attacks the heart is also reduced 
in size. A condition simulating asthma, as far as the effect upon 
the circulation is concerned, can be produced by the well-known 
experiment of Valsalva which consists in taking a deep inspiration 
and then, with closed glottis, making a forced expiration. This 
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diminishes the blood content of the heart which accounts for its 
decreased size. In .tuberculosis the shadow is decreased, and here 
it is often assigned, but without good reasons, to an actual hypoplasia 
of the heart muscle. 

The heart outline increases after continued hard labor or exer- 
cise, pathologically also in nephritis and arteriosclerosis. In these 
cases an actual hypertrophy resulting from the greater strain to 
which the heart has been continually subjected is usually the cause. 
The increase in size (often temporary) associated with acute infec- 
tions, such as diphtheria, scarlet fever and polyarthritis is no doubt 
accounted for by a dilatation of the heart. 

The details of the enlargement are of the greatest importance in 
heart lesions in which case it is due either to dilatation or to hyper- 
trophy and hence accompanies only lesions of considerable duration 
and severity. The nature of the dilatation or hypertrophy determines 
the direction of the enlargement and the contour of the shadow. A 
left ventricular enlargement takes place to the left. Dilatation or 
hypertrophy of the right ventricle displaces the shadow partly 
to the right but also, to a marked degree, upward and to the left. 
In typical cases of aortic insufficiency the heart shadow is enormously 
increased toward the left and the contour resembles a horizontal 
oval or is sometimes called "shoe-shaped" (Fig. 96). The aortic 
shadow is increased in width and the apex is never merged with the 
shadow of the di^iphragm. Aortic stenosis causes very similar 
though less pronounced changes in the radiographic outline. In 
mitral stenosis the heart shadow which is relatively small, resembles 
more nearly a vertical oval. The enlarged left auricle becomes 
prominent on the left margin (Fig. 92) and above it the pulmonary 
artery bulges, thus giving the entire left border a step-like appear- 
ance. In mitral insufficiency (Fig. 91) the enlargement tends to be 
uniform in all directions giving the shadow the appearance of a 
poorly rounded circle. The right auricular border is distinctly 
enlarged to the right and the pulmonary artery dilated. The 
left ventricular shadow is increased toward the left. 

Aside from its service in the diagnosis of cardiac affections, 
the a;-ray has given valuable information concerning extra-cardial 
conditions, as pericardial effusions, aneurysms, etc., which will be 
discussed in chapters dealing with these conditions. 
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SECTION III. 



CHAPTER XVII. 

AFFECTIONS OF HEART MUSCLE ASSOCIATED WITH 

RETROGRADE CHANGES, INFILTRATIONS, 

AND SUBSEQUENT REPAIR. 

When the nutrition of the heart cells is impaired, or they are 
submitted to chemical or infectious influences of a toxic nature, 
their metabolism is altered. The intracellular chemical processes 
and perhaps the "molecular movements" are disturbed. Many 
chemical agents also increase or decrease the rate, amplitude, 
and vigor of cardiac contractions. Thus, drugs like adrenalin and 
digitalis stimulate and others such as alcohol, chloroform, ether, 
chloretone, chloral and pituitary extract depress the contractile 
function. 

Still another class of substances, as the bacterial toxins, or the 
split products of bacterial proteins (typhoid) act at once to stimulate 
the heat production and affect the rate, amplitude and vigor of 
contractions (Cleghorn). Since it is possible to cause such func- 
tional disturbance before histological changes have had time to 
develop, it may be assumed that when the heart is submitted to 
these influences in disease, disturbances of function generally precede 
parenchymatous changes, the latter occurring when the deleterious 
influences persist for a longer time. They are therefore effects 
rather than causes of disturbances in function (Aschoff). 

The parenchymatous changes set up vary with the nature of the 
toxic influence, its period, and intensity of action; but they are 
probably not fundamentally different in the various infections 
(Krehl). They consist in milder cases (e. </., acute infections, 
typhoid) of granular degeneration, in more severe or prolonged 
cases of fatty, hyaline and calcareous degeneration (e. g., after 
diphtheria), and in cases of circulatory disturbances of hydropic 
or fatty change. Toxic agents and particularly those due to 
infections are not restricted in their action to muscle cells alone but 
either simultaneously or secondarily affect the vascular system 
causing hyperemia with exudation of serum, lymphocytes, and 
leukocytes. If the infectious organisms (e. g., pus cocci) themselves 
lodge in the heart, the attraction of polymorphonuclear leukocytes 
is great and their extravascular massing may give rise to circum- 
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scribed abscesses or more diffuse suppuration. Such inflammatory 
infiltration may by pressiu-e or disturbance of parenchymatous 
tissue be the cattse of added functional disturbances. If, as fre- 
quently happens, these infiltrations and abscesses form in regions 
such as the auriculo-ventricular septum or the papillary muscles, 
they may involve the conducting system of Tawara and so be the 
cause of serious or fatal derangements of the heart. 

When the climax of retrograde changes has passed, repair sets 
in. This means the resorption of necrotic tissue by endothelial 
leukocytes, the proliferation of fibroblasts and the formation of new 
connective tissue. When, subsequently, the scar tissue contracts, 
it may either compress really vital regions of the heart, or shut 
off the blood supply to certain regions. In either case it may be 
regarded as the cause of disturbances in function. 

DISTURBANCES OF THE CORONARY CIRCULATION. 

Disturbances of the coronary blood supply may be considered 
as of two kinds: (a) those due to occlusion of vessels (thrombosis, 
embolism) and (b) those due to dynamic derangements of the 
circulation (coronary sclerosis). 

Pathological Physiology of Coronary Occlusion. — ^Although the 
existence of an anastamosis between the branches of the right and 
left coronary systems has been anatomically established (Spalteholz, 
Merkel) and a further communication exists by the Thebesian 
vessels with the ventricular cavities (Pratt), it is evident from 
animal experiments that when a main branch is suddenly occluded 
these collateral vessels are not sufficient to maintain the beat of 
the heart for a long period of time. Death often follows shortly 
after the ligation of the left coronary according to the experiments 
of Cohnheim and Porter. Nor do the recent experiments of Hirsch 
and Spalteholtz, who maintained animals alive for two weeks 
after ligation of the left coronary vessel, prove the functional 
sufficiency of this collateral circulation, for Miller and Matthews 
have subsequently shown that, if allowed to live, animals in which 
the left coronary had been ligated succumbed within twenty-six 
to ninety days with symptoms typical of cardiac insufficiency. 

The signs following sudden occlusion depend on the size and 
nature of the vessel involved. Occlusion of the main left coronary 
artery is often not followed by any immediate change except the 
production of an occasional extra-systole. The heart rate continues 
normal but the drop of the maximal and rise of the minimal pressure 
within the ventricles, as well as the slower rate of systole, give 
evidence of an impaired cardiac contraction (Porter). Upon 
ligating the right coronary which supplies the right auricle as well 
as ventricle, the preliminary extra-systoles are followed by a tachy- 
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cardia which is rapid in its onset and may last from a few seconds 
to thirty-five minutes (Lewis). 

These conditions of comparative regularity may persist for a 
few moments or may extend over hours and days. Then follow 
signs that the heart is failing. The chambers dilate and ventricular 
systole becomes incomplete (Porter, Miller and Matthews). With- 
out further signs of irregularity the ventricles suddenly go into 
fibrillation. The blood-pressure falls rapidly and death results from 
acute anemia of the respiratory and cerebral centres. 

Clinical Manifestation of Coronary Embolus and Thrombosis. — 
Closure of the large coronary vessels is known to occur more fre- 
quently from thrombosis than from the lodgement of an embolus. 
On post mortem a characteristic anemic infarct is found. The 
symptoms vary considerably. Occlusion of the coronaries is one 
of the most frequent causes of sudden death after middle age. It 
is no doubt due to the induction of fibrillation of the ventricles. 
Death in such cases is characterized by its quiet character, the 
individual imdergoing no convulsive movements such as accompany 
other forms of asphyxia. In cases not immediately fatal death 
may be preceded for moments, hours or days by a sensation of 
unrest and a sense of impending peril, of oppression and air hunger 
or even by anginoid pains. The heart sounds are weak, the pulse 
feeble, sometimes rapid and at other times slow (Krehl). 

Not all cases of coronary obstruction result fatally, especially 
if due to a thrombus. Cases in which no cardiac disturbance was 
suspected have come to autopsy and revealed the fact that the 
entire obliteration of large vessels like the descending ramus had 
existed for years (Birch-Hirschfeld). 

Dynamic Anemia of the Heart. — Pathological Physiology. — By 
dynamic anemias we will understand those forms of deficient blood 
supply which result from a dynamic change in the circulation, as 
distinguished from the essential anemias resulting from alterations 
in the composition of the blood. 

The quantity of blood passing through the heart is determined by 
the height of aortic pressure and the total resistance in the coro- 
naries (i. e., vasomotor tonus, ventricular tonus and intraventricular 
pressure). In addition, however, the heart possesses a more 
direct mechanism of adapting its blood supply to its immediate 
needs. This is accomplished through the compression of the 
intramural vessels which acts to propel blood through the heart at a 
velocity which is directly proportional to the rate and amplitude of 
contraction. This is an exceedingly important mechanism for it 
tends to compensate for changes otherwise tending to reduce the 
blood supply. This may be shown by passing adrenalin through a 
perfused heart. When the heart is perfused at a constant pressure 
with an oxygen-free solution it does not beat. Adrenalin then 
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unfailingly causes a decreased flow due to a constriction of the 
peripheral coronary vessels. When the heart is perfused with an 
oxyociiatfd liinger's ^oliitiuii, on the other hand, and is heating, 
adrenalin increases the blood flow since it simultaneously increases 
the rate and amplitude of ventricular contraction which is sufficient 
to overpower the constriction effect (jn the coronary vesselt^ them- 
selves. The writer has observed, furthermore, that an increaserl 
finw may .-itill occur if, w liile the adrenalin action is at its maximum, 
the perfu'-ion pressure is somewhat reduced. We have other 
evidence of the value of this direct mechanical regulating influence 
on the coronary circuit. When the blood-jjressure lowers after 
hemorrhage the heart may accelerate to such a degree that a larger 
coronary blixid-fldw actually cx'curs in spite of the lower arterial 
pressure (Wiggers) Fig. 72. 




Fig. 72. — Effect of hemorrhago on roronary Itlndd-How. 
f;arotid mfaii pressure. 



V. 0., rate of flow; B. P., 



In \'iew of the fact that the heart iiormall}- accelerates as the 
blof)(I-pressure lowers it is cjuestionable whether a dynamic anemia 
of sufficient degree to mfidify cardiac functions ever occurs from an 
alteration i)f the bluiMJ-pressure alone. After se\'ere hemorrhages 
and in shock the writer lias ne\('r ot)ser\-ed irregularities iior were 
the functions of conducti^'ity and contractility imijaired in experi- 
mental animals. 

This im])ortant ])rotccti\'e mechanism de]X'nds for its existence 
u|)on the elasticity of the coronary ^'essels and can operate only 
inadequately when they ha\'e become hardened by sclerosis or 
calcification, or obliterated by endarteritis. Hence, when these 
conditions supervene, the heart has suft'ered a great loss. If, now, 
the arterial pressure lowers or the heart increases in rate, the flow 
cannot be increa,sed to tlie needs nf the lieart. If the arterial 
pressure rises and the work (if the heart is increased im appreciable 
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increase in coronary flow can occur. It follows that a dynamic 
anemia only seriously afl^ects the essential function of the heart 
when alterations in the vessels themselves occur. 

Clinical Manifestations of Coronary Sclerosis. — Sclerosis of 
the coronary vessels follows many infections or toxic agents but 
syphilis holds first rank as a causative factor. It is always asso- 
ciated with parenchymatous degeneration that can be only partly 
accounted for by the altered blood supply. These may themselves 
give symptoms of toxic myocarditis as later considered. But the 
best single symptom indicating the existence of coronary impair- 
ment is the occurrence of angina pectoris. 

Angina pectoris is no longer regarded as a disease but as a symp- 
tom indicating that the heart muscle is exhausted. It is perhaps 
true, as Mackenzie observes, that sclerosis without impairment of 
the heart is not sufiicient to produce angina, at least the fact that 
many severe cases of sclerosis that come to autopsy showed during 
life no signs of angina, may be so explained. While sclerosis with- 
out angina may thus exist it is very probable that all typical cases 
of angina are accompanied by some degree of coronary involve- 
ment. 

The symptom-complex designated as angina pectoris is composed 
of three elements: the intense pain in the cardiac region sometimes 
radiating to the left arm, the sensation of ring-like thoracic constric- 
tion, and the sensation of fear and of impending dissolution. 

The cause of these sensations has been the subject of frequent 
discussion. It is often assumed, in a very general fashion, that 
the pain is due to a process similar to that which takes place in 
skeletal muscles during fatigue or overstrain — that muscular pain 
is, in short, an evidence of overstrain. This is the statement 
of a fact rather than an explanation, however. More definitely, 
it has been suggested that an impaired blood supply is the cause of 
painful sensations. The intense pain resulting from shutting off 
the blood supply from a limb is cited as a common example. Fur- 
thermore, it has been found that the pain and the subsequent 
paresis which occurs during exercise in the condition known as 
intermittent claudication (Charcot's) is associated with arterio- 
sclerosis of the limb vessels (Erb). Hence, it has been assumed that, 
while the blood supply may be sufficient during rest, the increased 
demand during exercise cannot be supplied and hence the pain 
occurs. This explanation is not entirely sufficient to account for 
those anginoid attacks which frequently occur without exertion. 

It has also been frequently assumed that a vasoconstriction of 
the coronaries occurs which further narrows the caliber of the 
vessels that are already reduced by sclerosis. The demonstration 
that the coronaries possess vasomotor nerves (Porter, Wiggers) 
forms a basis for such a, theory. 



CHRONIC ALCOHOLISM 253 

Admitting that pain is associated with muscular exhaustion, 
and that this may result from an inadequate blood supply, the 
exact mechanism through which pain sensations are generated 
still remains obscure. In regard to this two general theories 
have arisen. It may be due to the chemical stimulation of waste 
or fatigue products, or the mechanical pressure of a high degree of 
tonus on the sensory nerves which presumably leave the heart 
via the sympathetic and vagus (Miiller, Goldschneider, Krehl) 
or via the depressor nerve (Cyon). Again, others hold that cardiac 
sensory nerves have not actually been demonstrated and that the 
heart, in common with other internal organs, is not capable of 
recording pain. On the other hand, it is able to so modify the 
irritability of the spinal segments from which its nerves arise that 
the pain is referred to the superficial sensory nerves having their 
terminals in the same segments. In this way the reflexes from the 
heart would involve the lower cervical and upper thoracic nerves 
and account for the viscero-sensory pain reflex in the chest and left 
arm during attacks of angina (IMackenzie). In a similar way a 
\'iscero-motor reflex may be set up causing the muscles inner^'ated 
from the same segment to contract. This view attributes the sense 
of constriction to the tonic contraction of the intercostal muscles. 

THE AFFECTIONS OF THE HEART DUE TO EXOGENOUS TOXIC 
INFLUENCE— CHRONIC ALCOHOLISM. 

The chemical substances that affect the functions of the heart 
may be classified as exogenous and endogenous. A consideration 
of the exogenous agents belongs more properly to the province of 
pharmacology and toxicology. We shall, therefore, deal here, by 
way of illustration, merely with the changes brought about by 
chronic alcoholic intoxications. 

Chronic Alcoholic Heart. — Pathological Physiology and Histology. 
— Whatever may be our opinions as to whether the "occasional" 
or therapeutic use of alcohol causes through reflexes or associated 
psychical stimulation, an improvement or an impairment of the 
cardiac functions, it is well established that its immoderate use 
always causes a depression of the heart as in the case of intravenous 
injections in animals. In "heavy drinkers" we may assiune that 
the heart is continually bathed in a weak alcoholic solution which 
tends to depress its activity and reduce its output. If continued 
for a long time this leads to loss of tonus and results in dilatation. 
It is this direct toxic influence on the heart muscle which is primarily 
responsible for its impaired action. 

Another influence soon supervenes, howe^'e^. Alcohol is a food 
and represents a high caloric equivalent; one gram yielding seven 
calories, as compared to three and seven tenths calories yielded 
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by one gram of sugar. The heart in connection with other organs 
must take part in its oxidation. If a proportionate number of 
calories of other food should be withheld, it is possible that the 
alcohol would be burned completely and in normal fashion. Usually, 
however, it is added to an already sufficient caloric intake, and then 
it acts to spare the fat which is stored in various regions. Among 
these are the connective tissue of the abdomen and that around the 
heart. This is probably the reason that the fatty heart is most 
frequently associated with the intake of malted liquors which 
contain, in addition to their alcohol, other substances of caloric 
value. Such fatty deposits may further diminish the capacity 
of the heart for effective work by mechanically interfering with 
its movements. These deposits occur not only around the heart 
but penetrate within the connective tissue and cause an infiltration 
of the myocardium, or fat may also appear within the muscle 
cells. Virchow taught that this represented a conversion of the 
muscle protein into fat as a result of a toxic influence or a reduced 
blood supply, and, following his teaching, such fatty degeneration 
was to be carefully distinguished from fatty infiltration. According 
to Lusk, who gives another and a more probable explanation, there 
is no essential difference between infiltration and degeneration. A 
reduced local circulation (such as must naturally result during 
weakened cardiac action under alcohol) may cause an imperfect 
local oxidation of the lactic acid normally found both within and 
without the cell. This incomplete oxidation of carbohydrate 
causes an attraction of a superfluously large quantity of fat to the 
sugar hungry cell, which is deposited in and around the cell. Accord- 
ing to this conception, the intracellular fatty degeneration is not 
the cause but the result of impaired function. 

Clinical Manifestations. — The condition may manifest itself by 
various signs and symptoms which accompany cardiac dilatation 
and myocardial insufficiency (see page 306). Inability to indulge 
in customary muscular activity and pressure sensations in the chest 
are the first subjective manifestations. These are the only symp- 
toms so long as the heart is able to maintain an effective circulation 
through the tissues. The medullary centres are the first to respond 
to any failure in this respect, by increased respiration, dyspnea, 
and heart acceleration. 

As dilatation increases, we may get symptoms on the part of the 
heart itself — extrasystoles and the presence of functional murmurs. 
The pulse is always feeble and the blood-pressure usually low. The 
cardiac area is enlarged, as indicated by percussion and by the 
orthodiagram. This enlargement may be merely the result of 
fatty infiltration and be accompanied by an actual atrophy of the 
muscle cells, or it may be accompanied by some hypertrophy as in 
the Munich beer heart. The symptoms of hypertrophy are entirely 
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obscured, however, by those of injured myocardial function, which 
may supervene and continue until all the symptoms characterizing 
heart failure are present (see page 310). 

THE AFFECTIONS OF THE HEART DUE TO ENDOGENOUS 
TOXIC INFLUENCES— GOITRE, ANAPHYLAXIS. 

Among endogenous substances may be classed all the split- 
products of digestion and metabolism. There is little positive 
evidence that such as probably enter the circulation, e. g., amino 
acids, urea, uric acid and xanthin derivatives, creatinine, etc., exert 
any recognized influence on the functions of the heart or that they 
are capable of producing histological changes. Of greater signifi- 
cance are the changes in the cardiac functions which accompany 
disturbances of the ductless glands, notably the thyroid. 

THE THYROID HEART. 

Clinical Physiology. — From the thyroid gland Baumann isolated 
a non-protein, iodine-containing body which he termed iodothyrin. 
When this substance or an extract of the thyroid gland is injected 
into experimental animals it causes an increased or decreased heart 
rate, and a fall of blood-pressure.' This acceleration is apparently 
due partly to a stimulation of the accelerator mechanism and 
partly to a direct action on the cardiac muscle, the inhibitory 
mechanism being apparently unaffected (Cushny). The fall of 
blood-pressure is due to a peripheral dilatation of the bloodvessels 
which is, according to v. Cyon, a reflex caused by the stimulation 
of the depressor endings. Since similar effects have been produced 
both in animals and man (Hellin) by feeding large doses, and since 
these, in turn, correspond in a certain manner with the symptoms 
noticeable in patients suffering from exopthalmic goitre (Graves' 
disease), it is generally inferred that in this disease the internal 
secretion is poured into the blood in abnormal amounts which give 
rise to the clinical conditions associated with the affection (v. Fiirth). 
Further corroboration has recently been added by Sanford and 
Blackford who showed that a similar effect occurs in animals when 
the serum of goitre patients is injected into them. The first in- 
jection produces tolerance for subsequent ones. The effect is not 
abolished by atropine, and in this way it differs from the depression 
of blood-pressure produced by other tissue extracts. 

Clinical Manifestations. — ^The chief cardiac symptom consists 
in the persistent or easily provoked tachycardia accompanied by 
palpitation. The tachycardia is usually of the sinus variety, though 

' For a recent review of the literature and additional evidence that the depressor 
effect bears no relation to the iodine content of the extract injected, see Fawcett, 
Rogers, Rahe, and Beebe, Amer. Jour. Physiol., 1915, xxxvi, 113. 
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attacks simulating paroxysmal tachycardia have been reported 
(v. Hoesslin). The cardiac area is at first normal but later enlarged. 
The apex beat is very vigorous and out of proportion to the ampli- 
tude of the arterial impulse which seems comparatively weak. 
Respiratory arrhythmia and extra-systoles may occur. The blood- 
pressure is variable, a hypotension and a hypertension both having 
been reported. There is no doubt that other attendant pathological 
processes play an important role when the pressure is elevated. 
Krause and Friedenthal found the pulse pressure increased. 

THE ANAPHYLACTIC HEART. 

If a guinea-pig be sensitized by the peritoneal introduction of 
one milligram of a foreign serum and ten days later a second dose 
of five milligrams be given, it becomes uneasy, dyspneic, paralyzed, 
and dies with lightning rapidity. In the case of the rabbit and 
dog the symptoms are less severe and recovery often occurs. The 
symptoms are spoken of as the anaphylactic reaction and are of 
interest in relation to the serum reaction in man. 

The cause of the serious symptoms and rapid death has been 
variously interpreted, as follows: (1) A paralysis of the vasomotor 
centre (Richet). (2) A paralysis of the peripheral vasomotor 
mechanism (Edmunds). (3) A paralysis of the respiratory centre 
(Rosenau and Anderson, Gay and Southard). (4) A spasm of the 
bronchial muscles causing asphyxia (Auer). (5) A spasm of all 
non-striated muscle (Anderson and Schultz). 

It has beeii shown experimentally that the injection of foreign 
proteins into previously sensitized rabbits causes a rapid rise of 
blood-pressure, which is maintained at a high level for some time 
and then falls. The heart shows partial block, e. g., a, 3 :! rhythm 
may be produced (Lewis and Auer). Both the block and the rise of 
blood-pressure are probably due to asphyxia following the bronchial 
spasm. A partial or complete block has also been substantiated in 
rabbits, in some of which a fatal and in others a non-fatal outcome 
resulted. It was present whether the vagi were intact or cut. 
Its onset occurred very promptly after injection (thirty seconds to 
three minutes) (Robinson and Auer). 

In dogs in which the tonic cpntraction of the bronchial muscles 
is less pronounced, hence causing no asphyxia, the anaphylactic 
reaction expresses itself by a fall of pressure lasting about three 
and a half minutes. The action resembles that produced by the 
ingestion of Witte's peptone and also that of the toxic portion of 
Vaughn's split proteins (Edmunds). The myocardiogram shows 
a slight weakening effect on the heart (Eisenbrey and Pearce, 
Edmunds) but experiments indicate that the chief cause of the fall 
of blood-pressure is due to an accumulation of blood in the liver, 
presumably in consequence of a vasodilation (Edmunds). 
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Recently it has been found that partial or complete block occurs 
in one-half of the cases examined by the electrocardiograph. The 
heart is slower and the ventricular complexes change. The S 
depression is deeper and the T wave exaggerated. On the whole, 
the curve gives the impression that the right ventricle has suffered 
most. The cardiac disturbance of conduction is not the result of 
low blood-pressure nor does central inhibition play a part (Robin- 
son and Auer). It must therefore be concluded that the heart is 
directly affected in the anaphylactic reaction. 

MYOCARDITIS IN ACUTE INFECTIONS. 

Myocarditis may accompany or follow diphtheria, scarlet fever, 
pneumonia, infections with the staphylococcus, streptococcus and 
gonococcus, and less frequently typhoid and syphilis. The cause 
and effect relation of parenchymatous and interstitial changes 
and the altered function have already been indicated. In toxemic 
or infectious diseases the efficiency of the heart and circulation may 
suffer, not only on account of the myocarditis, but also because of 
the associated elevation of temperature and changes in the per- 
ipheral circulation. It is therefore desirable to consider these 
influences apart from the specific effect of the infectious process. 

Differentiation of Effects due to Temperature Changes and 
Peripheral Vascular Changes from Myocardial Involvement. — 
Clinical Physiology. — Temperature exerts a direct action upon 
the heart, for it can be shown in perfusion experiments that an 
increase in temperature within limits causes not only an increase 
in rate but also in amplitude as well. The tonus is decreased and 
the heart dilates. Cardiometer experiments indicate that similar 
changes occur in the intact heart independent of vagus influence, the 
systolic output increasing in spite of a more rapid heart rate (Wolf). 

The idea that changes in the peripheral circulation can second- 
arily involve the heart has been widely accepted in recent years. 
There is distinct evidence that cardiac power itself is not exhausted 
in death from infectious fevers for, (a) hearts of animals and of 
man have been revived after death and (b) circulatory failure has 
often been warded off by the use of adrenalin or abdominal com- 
pression. (For literature see MacCallum.) It cannot be doubted, 
therefore, that the decrease in cardiac efficiency and even its final 
cessation is aided by the failure of the peripheral circulation. 
The demonstration that the heart was not alone concerned has by 
some been regarded as proof that the vasomotor centre necessarily 
failed. This idea was given impetus by a series of researches 
published by Romberg and his pupils (1896-1899) in which it was 
attempted to show that during the course of such illnesses as 
diphtheria, pyocyaneus and pneumococcus infections, the cause 
17 
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of circulatory failure was a paralysis of the vasomotor centre. 
The sequence of events produced may be summed up as follows: 
dilatation of the peripheral bloodvessels, an accumulation of blood in 
the splanchnic areas, a fall of arterial blood-pressure, an impairment 
of the coronary circulation and, secondarily, an enfeebled heart 
action. In other words, a complete picture of "toxemic shock." 

Recent observations by Porter and his pupils, by more exact 
methods, have failed to corroborate the fact that the vasomotor 
centre fails, for in both diphtheria and pneumonia, the vasomotor 
reaction was normal to the end. 

Such observations do not prove that the peripheral circulation 
does not fail but indicate that another explanation than vasomotor 
paralysis must be sought to explain toxemic shock. Although 
open to minor objections, the hypothesis first advanced by Malcolm 
and more definitely elaborated by Henderson seems most plausible. 
According to this idea, the infectious agents cause a decrease in the 
volume of the circulating blood (oligemia) by establishing an exces- 
sive osmosis of water to the tissues. The reduced volume of blood 
causes a deficient return to the heart and so impairs its filling and 
systolic discharge. Hence, the pulse becomes of small amplitude 
and the arterial pressure falls in spite of marked vasoconstriction 
and without any impairment of the cardiac function of contractility. 

Clinical Differentiation. — ^When circulatory disturbances occur 
during an infectious process it is desirable to differentiate whether 
the changes are ushered in through the effects of temperature, 
toxemic shock, or of acute myocarditis. While a satisfactory dif- 
ferentiation may not be possible, certain guiding principles may be 
followed. 

The most prominent change in the heart is the variation in rate. 
Clinical observations during rapid changes in temperature show 
that for every degree of temperature rise the heart accelerates from 
eight to ten beats. When this relation is disturbed some other 
influence may be suspected (Mackenzie). During a rise in tem- 
perature the output is augmented in spite of a shortened diastole, 
and since the vessels are relaxed the pulse pressure and pulse 
amplitude increase. A large pulse associated with a normal 
diastolic pressure, leads us to suspect that the circulatory disturb- 
ances may be traced to temperature elevation; whereas, a small 
pulse with a lower diastolic pressure brings to our minds the thought 
of peripheral change or myocardial involvement. 

Changes in cardiac rhythm show us most unmistakably that we 
are dealing with myocardial disease. This may be inferred because 
irregularities, seldom occur when the disturbance is peripheral 
(hemorrhage, shock), nor are they caused by excessive temperature. 
Furthermore, their clinical occurrence is frequently associated with 
myocardial lesions found in subsequent post mortems. The 
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nature of the irregularity varies with the locality of the lesions, 
but not necessarily with their extent. Thus, a small area of myo- 
carditis affecting the conducting system of Tawara may lead to 
extensive disturbances in conductivity, and to marked arrhythmias; 
while extreme infiltration in other areas may affect the heart action 
very slightly, if at all. In the majority of cases in which conduc- 
tivity disturbances are present, however, it may be assumed, on the 
basis of postmortem experience, that the myocarditis is not limited 
or circumscribed, but is diffusely distributed throughout the heart. 
Not all irregularities are indications of myocardial lesions, 
however. Thus the occurrence of extra-systoles is of no diagnostic 
significance and pulsus alternans may occur when the heart is 
otherwise overburdened. Again, sinus irregularity after acute 
infections may be regarded as good evidence that the heart has 
escaped injury (Mackenzie). Heart block of varying degree and 
the occurrence of auricular fibrillation are, on the other hand, 
quite definite proofs that the myocardium is diseased. It is appar- 
ent, therefore, that the distinction between different forms of 
arrhythmia is of the first importance in these conditions. 

DIPHTHERITIC MYOCARDITIS. 

The many deaths resulting from diphtheria are due largely to 
its detrimental effect on the circulation, the heart being seriously 
affected in 10 to 20 per cent, of all cases (Romberg, Schwartz). 
Circulatory involvement may occur during the course of infection 
(usually the first or second week) or during convalescence. 

It has been found that by the second week the cardiac changes 
are largely parenchymatous in character though interstitial exudates 
occur. (See Rohmer, Tanaka, literature.) These may or may not 
involve the conducting system of Tawara (Tanaka, Rohmer, 
Leede). This can be gleaned from the following table, which is a 
partial list of the published reports: 

Pathological Changes in the Heakt Afteb Diphtheria. 





Cases. 


Myocardium. 


Conducting system. 


Monckeberg 


1 


Uniform fatty degen- 
eration of all. 




Amenomeya . 


12 


Fatty and Vacuolar 
degeneration of all. 




Hellhecker 


6 


Fatty degeneration. 


No change. 


Low 


3 


Fatty degeneration. 


Interstitial infiltra- 
tion. Fatty change. 


Burger 


12 


Degeneration in all. 




Tanaka 


15 


Fatty degeneration in 
all (except one case) . 




Leede .... 


. 3671 


Fatty, hyaline degen- 


Bundle affected in 






eration. 


part of cases. 


Price and Mackenzie 


1 


Cellular infiltration; 
fatty degeneration. 


No change in bundle. 
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The pulse is unusually small and rapid and the blood-pressure is 
low (Norris); which may be referred either to the peripheral circula- 
tion or to the heart itself. In cases with regular hearts the electro- 
cardiogram shows no changes (Rohmer). The circulation may 
become less and less efficient until death ensues. It is difficult 
to estimate the share that failure of the peripheral circulation 
plays in such cases. The blood-pressure is low and the decrease 
may be sudden and progressive. That this is not due to vasomotor 
failure seems probable both because the experimental evidence of 
such action is negative and also because the patient gives every 
appearance of having highly constricted rather than relaxed vessels. 
The skin is pale and the palpable arteries small. Death must 
therefore be attributed either to a direct cardiac involvement or to 
an oligemia. The former is more probable since previous to death 
the ventricular complexes of the electrocardiogram change. The 
R wave increases in width and may be very low. The T wave may 
be inverted in all leads and the P wave absent. Apparently death 
is usually due to a general myocardial degeneration rather than 
any disturbance of conduction (Rohmer). In some cases the heart 
is slow and irregular. Studies of these have shown that they are 
caused by partial or complete block (Fleming and Kennedy, 
Price and Mackenzie, Hume, etc.) and electrocardiographic 
studies indicate that in such blocks left- and right-sided ventricular 
complexes are evident (Rohmer). Other forms of irregularities 
such as nodal rhythm, premature auricular systole, auricular 
flutter, and paroxysmal ta,chycardia have been described. The 
arrhythmia often changes in type from day to day (Hume). These 
are undoubtedly brought on by destruction of various parts of the 
conducting system. Thus, Hume found a granular degeneration 
of the sinus node and an unaffected a-^ node in a case in which nodal 
rhythm developed on the eighth to tenth day. A number of cases 
of block have been reported, however, in which no disturbances of 
the conducting system could be found (cf. Price and Mackenzie), 
in which case it must be tentatively assumed that the altered 
ventricular muscle failed to receive the impulses, for evidence is 
lacking that heart block can be experimentally produced by injection 
of the toxin alone (Rohmer). In many instances it is impossible 
to say whether nodal rhythm is due to an increased irritability 
of the a-^ node or to a depression of the sinus node (Hume, Clegg). 

According to Leede, death occurs in 54.16 per cent, of cases 
during the first week, and of these 3.7 per cent, occurred during the 
first twenty-four hours. Such intensity of toxic action is probably 
unequaled in any other infectious disease. 

The cardiac failure occurring during convalescence is often 
sudden and unexpected in its onset. It is always associated with 
acute interstitial myocarditis. The changes evident in the heart 
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are either tachycardia or bradycardia. The tachycardia is usually 
of the sinus variety but cases of true paroxysmal tachycardia have 
been reported (Krehl, Hume). The heart, however, more often 
shows irregularities or a slow rate because of partial or complete 
heart block. Evidences of dilatation are given by the increase in 
dulness, the onset of functional mitral murmurs, and by the ortho- 
diagram. Dietlen has shown by the use of the orthodiagraph that 
the dilatation may increase progressively. The arterial pressure 
falls and the pulse is small. Venous stasis and edema often appear. 
Evidence seems to assure us that death in such cases is entirely 
traceable to direct cardiac failure. 

In the stage of convalescence, death has been reported as occur- 
ring suddenly and without premonitory symptoms. It is probable, 
however, as Krehl remarks, "that death will occur unannounced 
less and less often as the physician examines the heart more and 
more extensively." By the employment of recent methods it is 
possible to detect early changes in conductivity which presage more 
extensive disturbances and should warn against the employment of 
remedies tending to augment such a block (e. g., digitalis). 

THE HEART IN ACUTE RHEUMATIC FEVER. 

With the general recognition that acute rheumatic fever so 
frequently excites an endocarditis, the fact that it causes a myo- 
carditis which may seriously affect the cardiac function has been 
distinctly underemphasized. This is due, in part, to the fact that 
it has not been understood that signs regarded as characteristic 
of endocarditis (e. g., systolic murmurs) may be produced by myo- 
cardial dilatation as well. The absence of pathological changes in 
the heart muscle during the early stages has also favored this view. 
More recently there has been a tendency to return to the older 
conception, viz.: that a carditis is produced in which the involve- 
ment of the endocardium and myocardium cannot be differentiated 
by the symptoms. 

The signs of acute myocardial lesions may occur early in the course 
of the infection and are then brought about by the toxic influence 
on the heart; or they may occur late in the disease, in which case 
they are accompanied by degenerative changes in the heart cells, 
by leukocyte infiltration or small cellular foci (Aschoff) which 
present a very typical appearance. They contain a hyaline centre 
surrounded by a layer of giant cells and these, in turn, are surrounded 
by a layer of mononuclear or eosinophile leukocytes. 

The characteristic signs of cardiac trouble are three: Dilatation 
of the heart, presence of systolic mitral murmurs, and changes in 
the rate and rhythm of the pulse. The cardiac dilatation is indicated 
by the rapid rate. The sounds are sharp and clear and sometimes 
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reduplicated. The dilatation is rarely severe enough to cause dis- 
comfort, breathlessness or edema. The occurrence of a soft, 
blowing systolic murmur may also be due to the muscular 
insufficiency but in this case it is impossible to say that it is not 
associated with the endocarditis affecting the valves. More definite 
evidence of myocardial trouble is given when the heart becomes 
irregular. Extra systoles occur early in the disease and probably 
indicate that the toxic action has produced a hyperirritable con- 
dition of the cardiac muscle. The writer has known them to occur 
two days after the onset of acute rheumatic fever. Changes in 
conductivity appear somewhat later and undoubtedly accompany 
parenchymatous or interstitial changes in the heart muscle. Heart 
blocks of various degrees present themselves, both sino-auricular 
and sino- ventricular block being met with (Mackenzie). It should 
be borne in mind, however, that during such infections the heart 
is peculiarly susceptible to drugs producing heart block and the 
possibility should be remembered that the changes may be the 
result of medication rather than of myocardial lesions. 

Outcome. — The acute myocarditis occurring early during a 
febrile attack rarely results fatally but the patient only occasionally 
makes a complete recovery. Most frequently a chronic myocarditis 
supervenes which grows progressively worse as the years pass. 
The cellular exudates are absorbed, necrotic tissue disappears, and 
fibrous tissue forms; but not infrequently the muscle cells continue 
to show parenchymatous degeneration and a degree of hypertrophy 
depending on the concomitant valvular defects. Indeed, it is 
difficult after a number of years to separate the myocardial involve- 
ment directly due to the previous infection and that due to impaired 
function arising from valvular lesions. The irregularities present 
during a chronic myocarditis may be caused by (a) sclerotic and 
fibrous changes involving the conducting system and so producing a 
form of heart block, (6) increased pressure in the auricles producing 
extra-systoles and perhaps leading to auricular flutter or fibrillation, 
(c) areas of fibrous and muscular degeneration involving the sinus 
region and auricle and causing auricular fibrillation. Dilatation 
readily occurs in such cases. This manifests itself in symptoms 
of dyspnea, venous engorgement, and edema. The presence of a 
systolic type of venous pulse due to tricuspid insufficiency, a low 
arterial pressure and small irregular pulse are also characteristic. 
The cardiac area itself is erJarged. 

MYOCARDITIS ASSOCIATED WITH SEPTIC INFECTIONS, 
EXANTHEMATOUS DISEASES, ETC. 

The myocardial changes characteristic of the acute stages of 
rheumatic fever may also be present during septic infections of the 
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myocardium with staphylococci, streptococci and gonococci, and 
as a result of the unknown infection of scarlet fever and occasionally 
after measles. In the virulent septicemias the accimaulation of 
leukocytes and necrosis are greater than in acute rheumatic fever 
and often result in abscesses of varying size. The same clinical 
cardiac symptoms which occur in rheumatic fever are present, in 
varying degree. Dilatation, tachycardia, mitral murmurs, and 
irregularities are typical. Because the myocardium is so severely 
attacked and because of the associated endocarditis, the danger 
of heart failure during the acute attack is far greater in the septi- 
cemias than in rheumatic fever, but after recovery has occurred 
there is less danger of a subsequent chronic myocarditis. 



THE MYOCARDIAL CONDITION IN TYPHOID. 

A study of the pathological and clinical signs during typhoid 
shows that the myocardium is involved at the height of the affection. 
In the early stages (first week) such pronounced changes in the 
circulation occur that they are often diagnostic. The pulse rate 
accelerates but not in proportion to the fever. It usually reaches 
the neighborhood of one hundred. Its amplitude is large, the 
descending limb falls rapidly and is followed by a deep and promi- 
nent dicrotic notch which is usually evident to the palpating finger. 
The systolic blood-pressure is generally lower, but the writer has 
found no reliable study showing that the diastolic pressure is low 
during the first week. The pulse-pressure is great, as one should 
expect. During the existence of these signs no pathological changes 
are present in the heart. The entire circulatory complex is therefore 
referable to a peripheral change — apparently a vasodilatation. 
Further work, however, is required to establish this fact. 

The writer has often pointed out to students that every form of 
cardiac and pulse change observed during the first week or ten days 
of typhoid infection, can be well illustrated within a few minutes 
after inhalation of amyl nitrite. The systolic blood-pressure falls, 
the pulse pressure is increased, the pulse amplitude becomes larger, 
and the pulse, more collapsing and dicrotic. From a reflex, through 
the vagus, the heart accelerates and thus causes an abreviation in 
the length of the pulse wave. If the heart beats too rapidly the 
dicrotic wave of one oscillation may be mounted on the upstroke of 
the next ascending pulse giving a superdicrotic effect (Fig. 74, 2). 

After the first week or two the character of the pulse changes 
gradually until it often becomes more rapid while its dicrotism 
disappears and its amplitude decreases. Its shape still indicates 
that the blood-pressure is low, a fact confirmed by the sphygmoman- 
ometer. The occurrence of granular degeneration together with 
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the fact tliat systolic murmurs, feebler first sounds or even a ,i,'allop 
rhythm occur, indicate that the myocardium is weakened durinfj; 
this stage (Fig. 74). 
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Fji;. 73. — Siniultain-u\j.s tracings of .suliclai'ian (upper) and radial (luworj pulses, 
(a) before and {b) after anu'l nitrite. 

The pulse rate gradually diminishes with the disappearance of 
the fever, hut the cardiovascular picture is further changed Ity the 
frecpient occurrence of an extreme bradycardia during convai- 




Fio. 74. — Series of sphygmograms taken on .successive days in typhoid fever liy 
Marey's sphygmograph. (After Marey.) 

escence. The writer, in spite of diligent search, has been unable 
to find in the literature, any evidence showing whether such slow 
pulses may be entireh' attributc<l to an augmented vagus influence 
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but this seems very probable. Cases have been reported, however, 
in which partial or complete block supervened and accounted for 
the slow rhythm. In these the well-known fatty changes and 
hyaline degeneration of the muscle cells occurring late in typhoid 
infections probably involved the His-Tawara system of conducting 
fibers. 

THE HEART IN PNEUMONIA. 

The toxic influence exerted by the pneumococcus infection on 
the heart has not been carefully studied. Clinically there are three 
periods of the disease in which the circulation appears embarrassed. 
Before the crisis has been reached the pulse may become small 
and extremely rapid, sometimes reaching 140 per minute. The 
blood-pressure may be low, and irregularities such as dropped 
beats due to block and pulsus alternans may appear (Mac- 
kenzie). The heart may become dilated — the first tone impure 
and venous stasis may be present. From this condition the 
patient may either recover or succumb with symptoms of col- 
lapse within twelve to thirty-six hours. It is impossible at 
present to determine the cause of these symptoms. We are con- 
fronted with two facts. When death occurs the heart muscle 
cells show no definite lesions (Lepine, Homburger) and vasomotor 
failure apparently does not take place (Porter and Newburgh). 
It is therefore possible to assume with- equal evidence (a) a toxic 
depression of the heart without changes, (b) an interference with 
the blood supply of the. left heart and a damming back of 
blood into the right heart by the consolidated lung, (c) a concentra- 
tion of the blood volume and a deficient supply, such as is found 
in toxemic shock (cf. Sandelowsky) . 

Very similar symptoms occur at two other stages of the disease, 
namely, during or after the crises and in convalescence. At these 
times, however, they seem to be rarely fatal. Their cause is also 
obscure and subject to further study. 

THE HEART IN SYPHILIS. 

When the trepanoma pallidum invades the heart, it causes only 
slight parenchymatous changes — the cells may show the presence 
of fat but rarely undergo serious retrograde changes or necrosis. 
It causes, however, interstitial infiltrations with leukocytes and 
lymphocytes and an arterial impairment (jMallory). This is prob- 
ably the reason that the active stages of syphilis are accompanied 
so rarely by circulatory disturbances. When the blood supply 
becomes decreased, as a result of endarteritis and sclerosis the 
proliferation of fibroblasts causes the formation of gummata. 
A fa\'orite location seems to be in the septum between the auricle 
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and ventricle where they may encroach upon the narrow His bundle 
and so interfere seriously with the heart's action. So it comes 
about that the serious myocardial involvement often occurs many 
years after the acute disease has passed off (6-10 years) (Krehl). 
The effect of the syphilitic infection manifests itself in three direc- 
tions: (a) the production of sclerosis and gummata interfering 
with special cardiac functions, as contractility or conductivity, 
(&) the presence of arteriosclerosis with its attendant symptoms 
and (c) the presence of aortitis and valvular lesions with their 
effects. All that has been said in other sections in regard to the 
signs and symptoms due to factors (6) and (c) applies to the syphilitic 
involvement of the heart which cannot be separated from pure 
myocardial involvement. 

To avoid repetition, we may limit ourselves to the evidences of 
direct myocardial change. No infectious process is so commonly 
associated with disturbances of the conducting function. Varying 
degrees of sino-ventricular block, as also complete block with the 
attendant Stokes-Adami complex, are frequent accompaniments of 
this disease. Auricular fibrillation is also a common result when 
the sclerosis involves the auricular musculature: 
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CHAPTER XVIII. 

THE DIAGNOSIS AND SIGNIFICANCE OF CARDIAC 
ARRHYTHMIAS. 

DiSTUEBANCES in the regularity of cardiac action arise when the 
functions of impulse origination (rhythmicity), impulse conduction 
(conductivity), or contractility are in some way affected. It is 
not possible, however, to base a practical classification upon the 
nature of the disturbance alone, as was at one time hoped, for the 
simple reason that most forms of irregularity result from the 
involvement of many functions. For this reason the classifications 
were at first empirical and then, as our knowledge concerning their 
causes and relationships grew, they were necessarily varied to con- 
form to scientific and practical standards alike. For the same 
reason, it may be confidently expected that they will continue to 
change, not only as to their groupings, but to a certain extent 
also in their nomenclature. The classification at present best 
meeting the combined demands of the scientific investigator, the 
diagnostician and the teacher of medicine seems to be that 
followed in the following scheme (modified after Hoffmann). 

CLASSIFICATION. 

I. Sinus Irregularities. 

(a) Sinus tachycardia. 

(6) Sinus bradycardia. 

(c) Sinus depression with ventricular bradycardia. 

{d) Respiratory arrhythmia. 

(e) Phasic sinus arrhythmia. 

II. Heart block (disturbances of conductivity). 

(a) Partial sino-ventricular block (commonly called auriculo- 

ventricular block). 

(b) Complete sino-ventricular block. 

III. Premature contractions (extra-systoles), 
(o) Ventricular. 

(b) Auricular. 

(c) Nodal. 

IV. Tachyrhythmias. 

(a) Auricular tachyrhythmias. 

1. Paroxysmal tachycardia. 

2. Auricular flutter. 
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(fe) Atrioventricular (nodal) tachyrhythnaia. 

1. Regular. 

2. Irregular. 
(c) Ventricular. 

V. Total arrhythmia (auricular fibrillation) . 

VI. Alternation of the heart beat. 



I. SINUS IRREGULARITIES. 

The smus region of the heart is that posterior portion of the 
auricle which is bounded above by the superior vena cava 'and 
below by the coronary sinus and which extends to the intra-auricular 
septum. It contains a set of peculiar muscle fibers and some 
nerve cells and fibers collectively forming a club-shaped enlargement 
spoken of as the sinus node or the node of Keith and Flack. 

According to the most recent evidence, it is within this node 
that the heart beat is rhythmically inaugurated/ and hence it has 
been designated the pace-maker of the heart (Lewis). In the sinus 
region terminate the vagus fibers, which normally exert their influ- 
ence not only to lessen the rate at which impulses are originated, 
but also to determine what part of the sinus region shall send them 
forth^ (Zahn, Meek, and Eyster). 

The degree of vagus influence, which is estimated from the 
acceleration resulting when the vagi nerves are cut or their terminals 
are paralyzed by atropine, varies in different animals. Thus, in the 
cat, vagus section or the action of atropine produces an accelera- 
tion, while in the rabbit, the rate is unchanged. In the dog the 
vagus often exerts a rhythmic rather than a constant tonic action, 
so that the beats occur more rapidly during inspiration than during 
expiration, in fact the heart may stop entirely during the latter 
respiratory phase. This rhythmic variation is abolished by vagus 
section which proves that it is due to a central vagus influence. 

The degree to which the vagus influences the tempo with which 
impulses are initiated in the sinus region of man likewise varies. 
The tonic vagus activity constantly increases, which accounts for 
the progressive slowing of the heart from infancy until adult life. 
During adolescence, when its power over the heart becomes most 
pronounced, it is apt to produce a rhythmicity resembling that 
found in the dog. This rhythmic variation also occurs in the adult 
though in a lesser degree. It is not always precisely associated 
with the phases of respiration, however. (See Pretzig.) This is 
probably because the influence of the respiratory over the cardio- 
inhibitory centre is interfered with by influences from the other 
centres from the cerebrum, and reflexly. As is well known, swallow- 

' For further details see page 22. ' Cf. page 29. 
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ing is associated with an acceleration of the heart and Lombard 
and Pillsbury believe that the rhythmic action of the vasomotor 
centre can also affect the cardio-inhibitory centre. 

(a) Sinus Tachycardia (Rapid Pulses of Sinus Origin). — 
When the heart accelerates because of fright and anxiety; or after 
indulgence in exercise or drugs, such as the nitrites or atropine, we 
are dealing with a physiological form of sinus tachycardia. It 
results from a removal of normal vagus influence, and shows certain 
characteristic features.^ Its onset is gradual and progressive; it 
continues while the cause is acting. The shortening of the heart 
cycles occurs largely at the expense of diastole (Bowen, Krauss). 
Electrocardiograms show that when acceleration becomes excessive, 
the relative height of the complexes alters; the R and T waves 
become larger; the P wave and the PR interval remain practically 
unchanged. Such tachycardias are normal in every sense. 

It happens, however, especially in the type of patient regarded 
as "neurotic" that an acceleration of the heart may occur from 
trivial causes. Thus, psychic acceleration is provoked on seeing a 
mouse or a shadow, smelling a disagreeable odor, hearing a shrill 
noise, etc. Such tachycardias have long been known to neurologists 
and psychologists as evidences of nervous instability of which they 
constitute a sign. 

Persistent tachycardia often accompanies disturbances of nutri- 
tion or of internal secretion, e. g., in Basedow's disease; or it may 
be a symptom in graver disturbances, as hemorrhage and shock, 
infections, and fevers. It is, therefore, not entirely devoid of 
diagnostic import. 

(6) Sinus Bradycardia (Slow Pulses of Sinus Origin). — When 
the vagus influence increases we obtain an abnormally slow pulse. 
Such slow rates occur normally in old age, convalescence, and 
during pregnancy. Pathologically, they are found in disturbances 
affecting the vagus centre, e. g., in toxic icterus, etc. (see page 114.) 
The arterial curves show only the slow, rhythmic pulse. The jugu- 
lar pulse and electrocardiogram are characterized by their normal 
sequence of waves. 

(c) Ventricular Bradycardia Associated with Depressed Activity 
of the Sinus Region. — It is well-known that when the sinus node is 
removed or destroyed, the rhythm will be set up by some other 
part of the conducting tissue. In such cases it may happen that 
the impulse is originated so far down in the conducting system that 
the ventricle may beat before the auricle (Williams and James, 
Cohn). Williams and James report a unique case in man in 

' For a consideration dealing with the question of voluntary acceleration of the 
heart rate, consult Tarchanoff, Arch. f. d. ges. Physiol., 18S5, xxxv, 109; Pease, 
Boston Med. and Surg. Jour., 1889, cxx, 525; Van der Velde, Arch. f. d. ges. Physol., 
1897, Ixvi, 232; Koehler, Arch. f. d. ges. Physiol, 1914, clviii, 579. 
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which such a reversed cardiac action occurred resulting in a regular 
bradycardia (40 per minute). The electrocardiogram showed a P 
wave occurring 0.18 second after the R wave and the x-rays verified 
the fact that the ventricle contracted before the auricle. Atropine 
was without effect. 

(d) Respiratory Arrhythmia. — ^When variations in length occur 
from one pulse cycle to the next and these changes are related to the 
phases of respiration, we speak of a respiratory arrhythmia. The 
acceleration, as a rule, coincides more or less accurately with the 
phase of inspiration, but its occurrence diu-ing expiration is not 
unknown. 

Clinical Recognition. — The irregular rhythm of the pulse may often 
be recognized by palpation alone; or the irregular sequence of heart 
sounds may be heard and its relation to breathing determined. 
The irregularity does not usually stop when the breath is held, 
although its character may be modified. The arterial pulse tracing 
(Fig. 36, A) is characterized by a progressive increase and decrease 
in the cardiac cycles, the chief variation occurring in its diastole 
which is roughly estimated by the distance from the dicrotic notch 
to the next systolic rise. The waves vary somewhat in size, the 
smaller ones following the more rapid beats. This is due largely 
to the fact that the duration of the heart cycle modifies both the 
systolic and the diastolic pressures within the artery. As the writer 
has pointed out (page 71) a shortening of a cardiac cycle, as a rule, 
increases the diastolic and decreases the systolic pressure of the 
beat following. Conversely, a lengthening of a cycle causes an 
elevation of the systolic and a fall of the diastolic pressure. 

The venous pulse (Fig. 36) shows a regular sequence of the a c v 
waves with perhaps additional diastolic waves in the long cycles, 
or the abolition of the v wave in the shorter cycles. The a-c interval 
occasionally varies but we cannot be certain to what extent respir- 
atory variations in venous pressure may account for the change. 
Hence it cannot positively be said that the conductivity is impaired 
through vagus action. The venous record, by showing the a c v 
sequence, is occasionally of service in establishing the nature of this 
form of irregularity, e. g., when the contraction becomes so prema- 
ture as to simulate an extra-systole in the arterial record. 

The electrocardiogram adds but little information in interpreting 
this condition. The P, R and T waves show slight variations, 
probably due to the fact that the position of the heart changes. 
In slow hearts Ri is larger and Ti smaller, in the rapid beats Ri 
is smaller and Ti larger. The P-R interval is unchanged. 

Clinical Significance. — This form of irregularity is frequently 
present in early youth and has therefore been designated "the 
youthful type" by Mackenzie. It is usually of no significance and, 
indeed, its persistence after a febrile attack or an acute infection, 
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according to Mackenzie, is a good omen for the very fact that the 
heart is susceptible to such labile nerve influences is good evidence 
that it has itself escaped injury. 

(e) Phasic Sinus Arrhythmia. — It is frequently found, especially 
after digitalis medication, that one or more long cycles are inter- 
spersed among shorter ones. This may be so pronounced as to be 
in reality a temporary standstill. The long cycles may even recur 
periodically but then they bear no relation to respiration. These 
irregularities are abolished by atropine, hence we may assume that 
they are vagal in origin and simulate the effects produced in animals 
by brief vagus stimulation or toxic substances, as morphine (Ein- 
thoven, Meek and Eyster). 

Clinical Recognition. — ^The variation in the cardiac cycles is 
evident both in the arterial tracings and in electrocardiograms. 
The a c V sequence in the jugular tracing and the P R T relations 
in the electrocardiogram are usually normal. Occasionally a pro- 
longed standstill occurs which may last four or five seconds and 
is then accompanied by a brief attack of syncope (Mackenzie, 
Laslett). The ventricle, during these long pauses, may, as in animal 
experiments, escape from inhibition and give a purely ventricular 
beat originating, as Lewis has very recently shown, in the a-v node. 

Clinical Significance. — These forms of sinus irregularities have 
been reported in association with vagus neuritis (Hoover), vagal 
tumors (Staekle), meningitis (Reyfisch), increased intracranial 
tension (Hirschf elder), cerebral lesions and contractions of the fora- 
men magnum {cf. Lewis). They are not necessarily indicative of 
such serious organic disturbances, however, but may merely indicate 
a highly irritable vagus centre which responds to impulses from 
neighboring centres or reflexes which are normally ineffective. In 
this class probably also belong those rare, physiological curiosities 
who are able to' voluntarily stop their hearts. The writer has 
heard of two such cases, reported to him by authority which he 
considers reliable. In all cases the danger from possible stoppage 
of a permanent nature, and liability to sudden death should be 
borne in mind. 

In suviming up the significance of sinus irregularities, it may be 
impressed that they give no evidence of cardiac involvement; 
but are often a criterion of affections of the nerve supply of the 
heart. As such they may be used as an index of nervous function 
much as the heart rate variations are used by the psychologist as a 
criterion of psychical processes. 

II. HEART BLOCK (DISTURBANCES OF CONDUCTIVITY). 

CUnical Physiology. — It is rendered highly probable by recent 
work that the sinus node in which the heart beat originates com- 
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municates with cells of the His-Tawara system (Koch, Thorel) 
leading to the ventricle, and that the ventricle receives its impulses 
from the sinus node without the interposition of auricular tissue 
(Keith, Eyster and Meek). To follow the impulses originating in 
the sinus node more definitely, they pass (a) partly to the auricle 
by the sino-auricular junction, and (6) partly to the ventricle by 
passing consecutively through (1) the node of Tawara (a-« node), 
(2) the His bundle, and (3) the left and right branches of the His- 
Tawara system. The impulses arising in the sinus region are 
apparently transmitted without delay to the a-v node, in fact this 
node shows negativity before the auricular muscle itself (Eyster 
and Meek). A distinct delay occurs, however, before the ventricles 
actually respond, a delay usually attributed to the a-v node or the 
His bundle. Recently more definite evidence has been submitted 
to show that the a-v node is actually the place where the delay 
occurs (Lewis, White, and Meakins). The conduction progresses 
through the two branches to the right and left ventricles so that all 
parts of the two ventricles are simultaneously excited (Clement, 
Erfman, Lewis. Cf. also p. 23). 

The conduction time from the sinus to the ventricles can be 
definitely estimated in experimental animals by recording the 
primary negativity of the sinus region as compared with that of the 
ventricles. More commonly the conduction interval is measured 
even in experimental work by the time difference between the first 
evidences of auricular and ventricular contractions. Thus, when 
the contractions of the chambers are recorded by levers or by a 
myocardiograph, it is the interval between the auricular and the 
ventricular upstroke (i. e., the so-called As-Vs interval). When 
the jugular pulse is recorded, in animals as well as in man, it is the 
difference between the a and c waves, i. e., the a-c interval. 

The idea of using the difference between the beginning of auricular 
and ventricular systoles as an estimate of conduction time was 
suggested at a time when it was supposed that the ventricle received 
its stimulus via the auricular musculature. Recent work has ren- 
dered this improbable {cf. page 24). The actual relation between 
the sino- ventricular conduction period ' and the As-Vs interval 
is illustrated diagrammatically in Fig. 75, B. A, B represents the 
conduction time from sinus to auricle; C, D the conduction time 
from sinus to the Tawara node; D, F the conduction time from this 
node to the ventricular musculature. It is evident that the sino- 
ventricular conduction interval, C, F is longer than the As-Vs 
interval, B, F; and that the As-Vs interval serves as an estimate of 
the conduction time only when we may presuppose that the con- 
duction from sinus to auricle A, B is constant. It appears that 
aside from technical considerations our methods used to estimate 
the conduction interval are not entirely free from error. It is 
18 
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probable that the onset of the P wave (lead //) of the electrocardio- 
gram marks, not the beginning of auricular systole, but that it 
is coincident with sinus negativity. Theoretically, the interval 
from the beginning of the Pii wave to the Rii wave gives us the 
most reliable indication we are able to obtain of the true conduction 
time interval. Simultaneous studies of the venous pulse and elec- 
trocardiogram indicate that probably the sino-auricular conduction 
time varies less than the sino-ventricular, for the P-R and a-c 
intervals usually lengthen together. This by no means occurs 
without exception, however, and the a c interval should always be 
accepted guardedly, as evidence of conductivity changes, especially 
when the variations ,are slight. 
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FiG. 75. — Two diagrams illustrating {A) the rate and direction of impulse con- 
duction from sinus node to auricle and to ventricle, and (B) the relation between the 
As-Vs interval and sino-ventricular conduction time. 



The conduction interval from sinus to ventricle, as estimated 
by the procedure described, may be lengthened by vagus stimula- 
tion, asphyxia, chemical action, etc., or through more intense 
action of these influences, the passage of impulses may be entirely 
prevented. This condition is usually designated as auriculo- 
ventricular block, but in view of more recent studies, it is probably 
better expressed by the term, sino-ventricular block. In such cases, 
the Tawara node is apparently the most susceptible region (Lewis, 
White and Meakins) and it may be inferred that block is estaljlished 
here. 

Experimentally, sino-ventricular heart block may also be produced 
by cutting or compressing the different portions of the His-Tawara 
system. Such experiments have proven very instructive. Com- 
plete transection or ligation of the His bundle causes cessation of all 
impulse transmission to the ventricle (Humblet, Hering, Erlanger, 
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Cohn and Trendelenburg). When this occurs, the ventricle 
temporarily stops and after a short interval reassumes an inde- 
pendent rhythm. If the bundle is only partially divided or slightly 
compressed, various stages of block may be produced. These may 
be summarized as follows : 

(a) An increase in the As-Vs and P-R intervals. 

(b) An -occasional failure of the ventricle to respond to sinus 
stimuli when the auricle does so. 

(c) A regular dropping of ventricular beats, as shown b\' the 
fact that the ratio of auricular to ventricular beats such as 10 : 9, 
8 : 7, 4 : 3 is established. 
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Fig. 76.- 



-Diagram illustrating the nature and cause of 4:3, .3:1 rhythm and 
absolute sino-ventrieular block. 



(rf) A regular ventricular response to e\'ery second, third, or 
fourth sinus impulse, as indicated by the fact that such ratios as 
2 : 1, 3 : 1 or 4 : 1 are established between auricular and ventricular 
beats. 

(e) An entire failure of impulses to reach the ventricle, as shown 
by the fact that the ventricular rhythm bears no relation to the 
auricular. 

The last three instances are rendered clearer by the aid of Fig. 76. 

If a single branch of the His bundle after its division is severed 
or crushed, disturbances of a different nature result. Both ven- 
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tricles respond, hut tlie \'entricle in whieli the bundle lias been 
dividerl reacts later than the other, apparently deriving its impulse 
hy wa\- of the ventricle with its bundle intact. In such cases, the 
contour of the ventricular comjilexes of the electrocardiograms 
alters (Rothberger and Eppinger). The changes which occur when 
the two bundles are cut are shown in Fig. 77. In leads from the 
esophagus and anus, the ventricular complex changes. The U 
and T waves are replaced by a large and extended diphasic wa\'e 
which is first positive and later negative when the branch to the 
left ventricle is injured, and first negative and then positive when 
the right branch is se\'ered. 
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Fig. 77. — EffccI of cutting ('0 left l)ranch and [h) right branch of the His-Tawara 
s^■stenl nn eleftr(jcardiograni (lead.s froni anii.^ and e.yophagii.s). (After Eppinger and 
RothlierKcr.) 



Clinical Recognition of Heart Block. — (a) Partial Sino-ventricular 
Block. — I'artial heart block may be accompanied by no subjective 
symptoms other than the existence of a slow pulse or the sensation 
of an occasional intermission. If the slowing is great, however, 
it may be accompanied by attacks of syncope similar to those 
described in complete block. 

A scheme for determining the existence of minor degrees of 
block from the arterial pulse tracings alone was devised by Wencke- 
bach, who diagnosed conduction disturbances, for example, in 
those forms of intermitting pulses in which the first wave after an 
intermission is longest, the next shorter, and the last one before 
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another intermission longer again. Wenckebach contended that 
the conduction from auricle to ventricle was progressively decreased 
during activity so that the ventricle followed the auricle with a 
progressively longer interval until, finally the passage of the impulse 
failed altogether causing a pulse intermission. The long rest thus 
resulting increased the conductivity again and allowed a more rapid 
impulse conduction to follow. 

In such an analysis, no account is taken of the varying trans- 
mission time of the pulse which may readily account for the slight 
variation present. Furthermore, it has been shown that such a 
periodic reduction in conductivity does not necessarily occur. It 
is therefore questionable whether disturbances in conduction can 
be safely determined from the arterial pulse tracings alone. 

Either one of two things characterizes the venous pulse (Fig. 
36, E) in this condition, viz., (a) a variation in the a-c interval, and 
(6) the presence of a waves followed neither by c-w groups or 
arterial waves. The variation in the a-c interval may be the only 
evidence of a disturbed conduction. When this interval becomes 
long, 0.6-0.7 second, such a disturbance may safely be assumed. 
The a-c interval may lengthen from beat to beat until an intermis- 
sion occurs. In many cases, however, no lengthening of this interval 
occurs. When a waves occur in their regular sequence and are not 
followed by an a-c^o group and an arterial pulse intermission, a 
periodic block is very likely present. The intermissions may 
recur at long or at short intervals, regularly or irregularly. If 
the arterial wave fails regularly so that two, three or four a waves 
occur to every arterial wave, the condition is spoken of as a 3 : 1 
or a 4 : 1 block (Fig. 36, E). The electrocardiograms show normal 
P waves recurring in regular sequence. These are followed, 
except when the ventricle fails to contract, by regular R-S-T com- 
plexes. The P-R intervals may not vary or they may increase in 
length to 0.3 second (normal 0.13-0.18). 

(b) Complete Sino-ventricular Block. — Complete heart block gives 
rise to certain symptoms and signs that make one at once suspicious 
of the condition. These are: a slow irregular pulse (30 to 40 per 
minute), signs of dyspnea and weakness on exertion. If these are 
accompanied by syncopal attacks, muscular twitchings and epileptic 
seizures (in short the characteristic Stokes-Adams syndrome) 
the diagnosis is quite certain. The Stokes-Adams syndrome may 
occur from any cause producing cerebral anemia, but its association 
with wry slow and irregular heart action is almost diagnostic. These 
attacks occur during two stages of the disease (a) when block 
becomes complete and the ventricles stop entirely before inaugu- 
rating their independent rhythm, and (6) after its establishment 
when the ventricular rate is rapid and the contractions small and 
ineifective in opening the semilunar valves. It does not necessarily 
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follow tliat all forms of heart block are acconii)anied ))y a slow, 

irrei^'ular pulse. Cases of comi)lete dissociation are known in which 

the rhythm is cjuite regular though ^low 

(Fig. 78). The condition may be definitely 

recognized b>' coml:)ined arterial and jugular 

tracings or by the electrocardiogram. The 

jugular ])ulse shows a regular sequence of a 

^ waves and a haphazard sequence of waves 

■S due to ventricular systole, which correspond 

" to the arterial waves. The arterial pulse is 

= always slow and usually irregular (Fig. 'M'>, (I). 

S The electrocardiogram (Fig. 78) shows, at 

-I regularly spaced intervals, distinct P waves 

£ which may be unusually large. Most of 

_i them are isolated but here and there, e^•i- 

< dently without relation to the P wa\'es, 

^ groups due to ventricular contraction appear. 

J In many cases these are of typical normal 

~ type. Occasionally, the typical form of the 

i ventricular complex undergoes minor changes. 

Z Thus, Rn may be relativeh' low and Sn deep. 

£ Another variation consists in a broadening of 

.S the Pv wave which may stretch over an inter- 

S val of O.bj second (normal 0.04). A\\ of these 

M variations may still be regarfled as showing 

'■V, that the block occurs above the division of 

2 the His bundle and that the new rhythm 

S originates in the His system. 

■^ In other cases the ventricular complex 

1 resembles curves such as have Ijeen ol)taine(l 

on severing the right or left bundle (Fig. 77) 

2 and b,y analogous animal experiments; it has 
;« been assumed that the conduction disturb- 
"3 ance extends to the branches as well. Roth- 

1 berger and Winterberg recently pointed out 
Yi that, inasmuch as the anus-esophagus leads 
o correspond to lead III in man, one-sided 
'■^ block can be diagnosed in man only when 

leafls / and III both give the same atypical 

complexes. If the atypical waves occur in 

one lead and not in the other, they are 

probably due to hyjjertrophy rather than 

to block (cf. P'ig. 87). 

Causation and Prognosis of Clinical Heart Block. — It has been 

established by careful histological study of postmortem cases of 

heart lilock that the condition is frequently associated Avith definite 
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lesions of the a-« node, His bundle, or its branches. It is important 
to observe that no instance of complete destruction of the bundle has 
been found without the presence of heart block during life. Inflam- 
matory reactions with edema, cellular infiltrations such as occur 
during rheumatic fever, influenza, typhoid, pneumonia and syphilis 
(see Fleming and Kennedy), septic foci, post inflammatory fibrosis, 
fatty and calcareous degenerations, ulcerations, tumors and, by 
far the most frequent, gummata, have all been found in cases 
that succumbed to this condition (see Lewis). When such lesions 
involve the bundle, they are not as a rule confined to it but are 
distributed throughout the myocardium. 

On the other hand, several investigators (Fahr, Krumbhaar, 
Mackenzie, etc.) have reported cases in which no lesion could be 
found in complete block, and the same condition has been frequently 
found in partial block. It must be supposed that in these cases 
either some toxic agent has modified the conductivity before it 
has had a-chance to produce a pathological change, or that the rest 
of the heart muscle which does show pathological changes is unable 
to react to the stimuli conducted to it. 

The prognosis must be considered from two angles; first, the 
amount of damage that probably exists in the heart, and second, 
the ability of the altered heart rate to maintain an efficient 
circulation. 

If the heart block is complete and there is evidence of involvement 
of the branches as well, it may safely be assumed that extensive 
degeneration of the heart has taken place and the possibility that 
the patient's life may terminate at any time must be borne in mind. 
Mackenzie, who has probably had the widest experience, however, 
states that some cases may lead a quiet life for ten or fifteen years 
before death occurs. If the block is incomplete, it is ijot necessarily 
an indication of structural impairment of the heart, and the prog- 
nosis is more favorable unless the degree of block increases. 

The question of immediate importance is whether the beat of the 
heart during block is capable of maintaining an efficient circulation. 
A certain minimal rate of beat is necessary to maintain the circula- 
tion under normal conditions and this rate may be entirely inade- 
quate when excessive demands are made. The one source of danger 
in heart block lies in the fact that, during exercise, the adaptive 
increase in heart rate cannot take place. This is truer in the 
incomplete than in the complete block, for in the former it is possible 
that the block lessens on the removal of vagus influence. Hence it 
frequently happens that, although the circulation is carried on 
efficiently during repose, the patient suddenly succumbs during 
exertion. 

Other things being equal, a regularly acting heart maintains a 
more efficient circulation than an irregular one. Of the irregular 
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forms of ventricular action the slower rhythms preserve the circu- 
lation better than the i:apid ones. The reason for this is that, in 
the slower rate, the majority of the contractions are effective and 
cause a considerable systolic output; while, in the rapid cases, so 
many of the weaker contractions fail entirely to open the semi-lunar 
valves and others prodiice a very small output so that a low arterial 
pressure accompanied by a damming back of blood takes place 
(cf. Fig. 83).' The regularity and rate of the pulses are therefore 
of importance in forming a prognosis as to the immediate liability 
of circulatory failure. 

m. PREMATURE CONTRACTIONS (EXTRA-SYSTOLES). 

(a) Premature Ventricular Contractions. — Clinical Physiology. 

(Fig. 79.) — If a mechanical or electrical stimulus is applied to 
the normally beating ventricle of any vertebrate animal (man 




Fig. 79. — Diagram illustrating the nature and cause of the compensatory pause 
after a premature contraction. Lines 1, 2, 3, etc., represent time of arrival of sinus 
impulse: x, preinature contraction in refractory phase of which normal impulse (4) 
falls. Periods a and 6 are equal. 



included) during its diastolic phase, the ventricle will respond with 
a "premature" or "extra" contraction (Marey, Fugleman, Meyer, 
Cushny and Matthews, etc.). If a similar stimulus is applied 
during its contraction, however, no response is given. When a 
contraction is prematurely called out by an external stimulus, the 
total number of beats is not increased, as a rule, but this premature 
beat is followed by a pause of such length that it plus the preceding 
contraction equals approximately an interval of two heart beats 
(Knoll). This "compensatory pause," as it is termed, exists 
because the normal sinus impulse which should evoke a ventricular 
contraction, reaches the ventricle during the refractory phase of 
the premature contraction. The next ventricular contraction does 
not occur until the following rhythmic stimulus from the sinus 
occurs. Careful measurements have shown, however, that this 
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compensatory pause is not always exactly equal to two normal 
periods, but that it falls short of this. When this occurs it is 
probably due to the fact that the sino-ventricular conduction has 
improved during the long rest, making the contraction premature. 
The ventricular systole following that prematurely called out is 
usually larger than normal, which accounts in part for the larger 
pulse beats recorded in mamalian experiments. 

It is evident that in the above cases, there is no beat gained by 
the heart; hence the term premature contraction seems preferable 
to extra-systole, so generally employed. It may happen, however, 
that true extra-contractions or " interpolated" systoles occur. Thus, 
when the cardiac rhythm is very slow and the premature contraction 
is elicited early in diastole, the ventricle may have passed its 
refractory phase before the next regular sinus impulse arrives. 

Clinical Recognition. — Premature systoles of the ventricle may 
frequently be diagnosed by auscultation of the heart sounds alone. 
Optical records (Lewis, Gerhartz) indicate that the premature 
contraction causes two sounds when the semi-lunar valves open. 
The first sound is of shorter duration and smaller amplitude (35 
per cent, less) but of the same vibration frequency as the normal 
sound. The second sound is also of smaller amplitude (10 per cent, 
less) and shorter duration but of higher frequency than the normal. 
Gerhartz quotes a case in which the first sound lasted 0.257 second 
(normal 0.461 second) and the second sound 0.095 second (normal 
0.138 second). When the semi-lunar valves are not opened only 
a single sound is recorded. 

In the main, these records corroborate the auscultation findings. 
The regular sequence of sounds is interrupted by two short sharp 
sounds or by only a single sound if the systole is ineffective. Accord- 
ing to Mackenzie, it may be accepted that such a sequence during 
a pulse intermission or small wave is due to a premature contraction. 
The only confusion arises in cases of partial block with mitral 
stenosis in which a sound due to the contraction of the auricle 
may occasionally be produced, but in these cases there is alwa\s a 
presystolic murmur to differentiate. 

The arterial pulse (Fig. 36, B) is distinctive. The regular 
rhythm is interrupted by a premature small wave or the absence 
of a wave and a long pause. The characteristic feature pointed 
out by Cushny and Wenckebach, consists in the fact that the 
small contraction and the compensatory period following are equal 
approximately to two normal cycles, a form of pulse to which the 
term full higeminus has been applied. The only deviation from the 
rule occurs when a beat is interpolated. In this case, the three 
beats of a trigeminal group equal two normal beats. The compensa- 
tion period is followed, as a rule, by a wave of larger amplitude. 
This is due to the larger pulse pressure which results in part from 
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the stronger systole, in part from the more complete diastole 
following, and in part from the lower diastolic pressure existing 
at the time. 

The venous pulse (Fig. 36, B) is often characterized by the 
occurrence of a premature c wave at the time of the premature 
systole. This" is followed in its proper sequence by an isolated 
wave that may be attributed to subsequent auricular contraction 
(a wave). 

The place of origin of the ventricular systole cannot be determined 
exactly by any of these procedures. It may be guessed at with a 
fair degree of certainty in certain cases. Thus, in cases of high 
arterial pressure or in aortic insufficiency, we may surmise that the 
stimulus arises in the left ventricle; whereas, in mitral lesions, the 
suspicion is directed toward the right ventricle (Hirschf elder). 
The electrocardiogram offers a more certain means of differentiating, 
however, since it is accompanied by distinctive variations for each 
ventricle. Kraus and Nicolai found that premature contractions 
elicited from the upper portion of the heart or right ventricle caused 
a positive variation followed by a negative wave (type A) ; whereas, 
one elicited near the apex or left ventricle caused a prominent 
negative variation followed by a positive variation (type B). 
These results are apparently correct but it was shown by subsequent 
work (c/. Kahn) that the nature of the electrocardiogram depended 
largely on the lead. Thus, as is shown in Fig. 45, if the systole 
arises from the right ventricle, lead I shows a variation of type 
B, while lead III shows a varia.tion of type A. The same relation 
obtains when the systole arises in the left ventricle. Here lead / 
shows a variation of type A and lead III a variation of type B. (Cf. 
also Fig. 82.) 

(6) Premature Auricular Systoles. — Clinical Physiology. — The 
auricle, like the ventricle is refractory to stimuli applied during the 
process of contraction. The reaction of the entire heart to stimuli 
applied during auricular relaxation depends, to a considerable 
degree, upon the region in which they are applied. A stimulus 
applied near the large veins or near the sinus node causes both the 
auricles and ventricles to respond with premature contractions, 
then, at an interval almost equal to another beat, both contract 
normally again. Such premature systoles are sometimes spoken of 
as sinus extra-systoles. 

If, however, a stimulus is applied to the front portion of the 
auricle, its premature contraction is followed by a somewhat longer 
pause than the interval required for a normal beat. This pause 
is not so long, however, that the time interval of the two beats 
quite equals two normal beats (Fig. 36, C). The reason that the 
sinus region does not reestablish the rhythm, as in other cases at 
the proper time has been attributed by Cushny and Wenckebach 



PREMATURE CONTRACTIONS 283 

to the fact that the extra stimulus is conducted back to the pace- 
maker and annihilates, as it were, the energy-producing substance 
without eliciting an actual contraction. It then requires an 
additional interval to rebuild its energy sufficiently to inaugurate 
a contraction. It is further found that the interval occupied by 
the two auricular beats is greater than the interval occupied by 
the corresponding two ventricular contractions. This has been 
assigned to the fact that the longer rest following the premature 
systole causes a reduction in the conduction interval from sinus to 
ventricle. The fact that the interval occupied by a normal plus a 
premature systole of the ventricle is equal to less than two beats, 
is used to distinguish premature systoles originating in the auricle 
from those originating in the ventricle. The degree of shortening 
of the ventricular beats, however, depends also on the phase of 
auricular diastole at which the premature contraction is called out. 
Thus, Hirschf elder and Eyster found that while the interval occupied 
by two ventricular beats was always less than that of two normal 
beats when a premature contraction was called out early in auricular 
diastole, the same interval very nearly equaled two normal beats 
. when the auricular premature contraction took place late in diastole, 
for, in this case, the sino- ventricular conduction time is probably 
not increased. 
Clinical Recognition. — It is evident from the experimental analysis : 

1. That the period of premature contraction of the auricle 
plus a normal contraction equals less than two auricular periods. 

2. That the premature response of the ventricle plus a normal 
.beat usually equals an interval less than two normal periods, but 
when the premature contraction occurs very late in diastole, 
the double beats are almost exactly equal to two normal periods. 

The arterial pulse is usually characteristic, if carefully studied 
(Fig. 36, C). The regular rhythm is interrupted by a small wave 
or an intermission, as in ventricular premature contractions. It 
differs from this condition in that the interval following is not 
sufficiently long so that it together with the preceding beat equal 
two normal pulse lengths; that is, in the case of auricular premature 
contractions, we get a shortened bigeminus. It is further possible 
to determine whether the premature contraction arose near the 
sinus region or in some other section of the heart. In sinus extra- 
systole the distance from the beginning of the premature contraction 
to the next normal beat equals a normal beat in length. This is 
not the case in premature systoles arising in other portions of the 
auricle. 

The venous pulse (Fig. 36, A) shows throughout a normal a-c-z) 
sequence. Where the premature contraction occurs an a-c-v 
group also appears prematurely. The a-c interval is usually 
increased in this group, partly because the isometric period of 
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contraction is prolonged and the opening of the semilunar valves 
delayed. The electrocardiogram is supposed, not only to establish 
the presence of premature systoles, but also to give further evidence 
as to the region of the auricle in which they arise. In the simplest 
cases there is merely an early occurrence of a normal P-R-T 
complex. The P wave may be superimposed on a preceding T, 
making- it larger or notched. Occasionally it may be absent. It is 
usually better recognized in leads III and I. Experimental work 
has indicated (Lewis, Ganter and Zahn) that the nature of the P 
wave is determined largely by the region of the auricle from which 
the stimulus arises. Thus, while a systole arising in the sinus region 
gives a premature P wave of normal form, those arising in the 
region of the coronary sinus or in the left auricle show a negative 
P wave, presumably because the impulse spreads in the opposite 
direction. According to Lewis, most electrocardiograms from 
patients give evidence of a negative wave and so indicate that the 
stimuli arise in some region of the auricle aside from the normal 
pace-maker (Lewis). Since the ventricular complexes R, S, T are 
normal, it must be inferred that the premature stimulus reaches 
both ventricles simultaneously which could probably occur only 
as long as it originates in the Purkinje system (Hoffman). 

Not all premature auricular contractions are followed by such 
normal R-S-T complexes in the electrocardiogram, however. 
According to Hoffman, they are rare. Undoubtedly this is because 
disturbances of conduction are often present in these cases, disturb- 
ances which may be due either to organic changes or to insufficient 
rest. The chief variations met with are : (a) Complexes resembling^ 
those arising from a premature contraction of the right ventricle 
(cf. Fig. 45), or those arising when the branch to the left ventricle is 
cut (cf. Fig. 77). This may be explained by assuming that a 
conduction disturbance is present and the stimulus is propagated to 
the right ventricle before passing to the left. 

It is apparent that electrocardiograms of premature auricular 
contractions may, on account of conduction disturbances, resemble, 
on casual examination, those arising in the ventricle. This is 
especially so when, in addition to the "aberrant" complexes, the 
P wave is obscured by the preceding T wave. 

(c) Premature Contractions of Nodal Origin. — Clinical Physiology. 
— It has been shown in frogs that if the tissue of the a— u junction 
is stimulated with a needle, a series of premature contractions 
occur simultaneously in auricle and ventricle. Such simultaneous 
beats of auricles and ventricles have also been found in cases of 
aconite poisoning (Cushny) and after ligation of a coronary branch 
(Lewis), and the assumption seems justifiable that in these cases the 
impulse arises somewhere in the junctional tissue. Owing to the 
fact that the impulse may reach either the auricle or the ventricle 
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first, it usually happens that the contractions are not absolutely 
synchronous but that merely a reduced As-Vs interval, or, in case 
the ventricle contracts first, a short Vs-As interval occurs. This 
interval is not necessarily reduced when the impulses originate 
at the a-v node — in fact, such a shortening occurs experimentally, 
only in those cases in which the impulse originates in the middle 
region of the node (Zahn). 

Clinical Recognition. — The diagnosis of this condition in man 
hinges largely upon establishing the existence of a reduced As-Vs 
interval, or the entire abolition of this interval. In this capacity 
the arterial pulse is of no value for it presents the picture of a 
ventricular premature contraction with a somewhat shortened 
compensatory pause. According to Mackenzie and Lewis the 
condition may be more than suspected (a) when the a and c waves 
fall together so as to produce a bifurcated systolic wave, (6) when 
the a-c interval is appreciably reduced (Mackenzie, Wenckebach), 
and (c) when the a wave definitely follows the c wave. 

Too great caution cannot be urged, however, in the interpretation 
of these cases, for lever oscillations of polygraph tambours or 
premature ventricular systoles may similarly produce such sum- 
mated or notched waves; and respiratory variations of venous 
pressure may apparently reduce the a-c interval. Furthermore, 
according to Volhard, the occurrence of an a wave after a c wave 
may result from a retrogression of a ventricular impulse. Finally, 
we cannot always be sure that a certain wave is due to auricular 
systole. 

The electrocardiogram shows a normal ventricular complex, 
RST, which indicates that we are not dealing with a ventricular 
premature systole as might be inferred from the carotid. The 
P wave is abnormal owing to the opposite direction of the impulse. 
Its character is usually best seen in leads // and /// (Hoffman), 
when it appears as an inverted or negative wave. According to 
Ganter and Zahn, if the excitation proceeds from the coronary 
sinus, P is diphasic. Occasionally, as Herzig points out, we may 
have a superposition of P waves on the ventricular complex. 

Causes and Clinical Significance of Premature Systoles. — Experi- 
mentally, premature contractions may be elicited otherwise than 
by direct stimulation. They have followed an increase in blood 
pressure (clamping the aorta, adrenalin), ligation of a coronary 
branch, and the injection of drugs raising the irritability of the 
heart (digitalis, adrenalin). Compression of the vena cava has 
been credited with producing them. Although the writer has many 
times compressed the vena cava in recent work, it has not once 
caused such a premature systole, nor have they been present when 
the venous pressure was seriously reduced as in hemorrhage and 
shock. In fact the tendency to these contractions has not even 
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been increased. It seems that decreased general blood-pressure is 
not particularly favorable to their production. 

The first evidence that premature contractions may be produced 
by nerve stimxilation has been brought forward by the experiments 
of Rothberger and Winterberg, and Ken Kure.' These investigators 
showed that when the heart was under the influence of Ba or Ca, 
or undergoing vagus stimulation, simultaneous accelerator stimu- 
lation might cause premature systoles. 

It is probable that premature contractions may often arise in 
perfectly normal hearts. The pressing up of the diaphragm by a 
distended stomach or during pregnancy is sufficient to cause them. 
Again, they may occur when the pressure is increased by stooping, 
the abdominal vessels being compressed. More frequently, how- 
ever, they arise in hearts that are abnormally irritable. It may be 
assumed in these cases either that the irritability of the heart is 
increased through toxins, internal secretion, caffein, nicotine, etc., 
so that it reacts to the tiny, normally ineffective stimuli that 
bombard it; or that pathological disturbances of structure are 
actually present. When they occur in advancing age, after infec- 
tions and in association with hypertrophy and valvular lesions we 
should incline to the latter diagnosis. 

The prognostic import of premature systoles seems to depend 
largely whether they are the only sign of irregular action or whether 
they are accompanied by other evidences of disturbed function. 
In the former case they are probably of little concern, for then, as 
Mackenzie points out, patients may lead vigorous lives without any 
other evidences of cardiac impairment. In the latter case they 
indicate disturbances in the structure and function of the myo- 
cardium. Their chief clinical value is that they attract attention 
to the cardiac condition, which leads to a search for the presence or 
absence of other symptoms of cardiac impairment. 

IV. TACHYRHYTHMIAS. 

(a) Auricular Tachyrhythmia. — Clinical Physiology. — If the auri- 
cles of experimental animals are stimulated with a weak tetanizing 
current, their irritability is raised and they respond suddenly with 
an increased rate (Hertz and Goodhart, Jolly and Ritchie) often 
amounting to 300 to 420 per minute. Such a condition may be 
called auricular tachyrhythmia. Only exceptionally do the ven- 
tricles of animals respond to this rapid rate, but when they do we 
designate the condition as ventricular tachyrhythmia. More often 
the ventricle responds to every third, fourth or sixth beat and 
this response may be very irregular; in other words, a partial block 
arises. The writer has observed a similar relation after large doses 
of adrenalin both in animals in which the vagi have been previously 
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cut and in perfusion experiments. In such cases adrenalin brings 
about a rapid increase in both auricular and ventricular rates until 
finally a pace is reached at which the ventricle no longer reacts to 
each stimulus and a partial block is established. Evidently we 
may have an accelerated rhythm of the auricle either accompanied 
or unaccompanied by an increased ventricular rate. 

1. Paroxysmal Tachycardia. — This condition has long been recog- 
nized clinically by the sudden onset of rapid heart action, accom- 
panied by palpitation, extreme cardiac discomfort and a sense 
of exhaustion, followed by as sudden a cessation and a resumption 
of the normal rhythm until the appearance of another attack. 
These attacks vary in duration from a few seconds to days or 
months. 

The agreement has been reached that this pathological condition 
is due to an excessive irritability of the auricle causing it to react, 
first with a few premature contractions and later with a series of 
very small contractions recurring very rapidly, often at a rate 
approximately double that of the normal heart. 

Clinical Recognition. — The clinical recognition is usually easy 
without graphic procedures. These, however, make the diagnosis 
more certain. The arterial pulse presents the typical picture of 
the paroxysmal attack ushered in by a few premature contractions 
of auricular origin followed by small contractions at a very rapid 
rate. The venous pulse, likewise, shows the regular rhythm, 
at first interrupted by these premature contractions of auricular 
origin. Later, the normal sequence of a-c-v waves may be retained, 
or, if the pulse becomes too rapid, the a wave replaces the v wave 
or is even mounted on the descending limb of the c wave (Fig. 36, 
D). It is precisely in cases of such rapid action that the ordinary 
polygraph tambours introduce the greatest errors through lever 
fling and the addition of excessive waves, and it cannot be expected 
that they follow the changes in the venous pulse exactly. 

The electrocardiogram gives evidence that the extra contractions 
and paroxysmal beats arise in the same area for the P wave is always 
of the same character. It may be negative, as in the cases reported 
by Lewis and Rihl or excessively large, as in cases presented by 
Hoffman. The P wave is followed by ventricular complexes which 
differ from the normal merely in that the P wave is often super- 
imposed upon or substituted for the preceding T wave. 

Vagus Compression diiring Tachycardia. — ^It has long been recog- 
nized that a reduction of the tachycardia could be accomplished 
in certain cases by vagus compression in the neck, while in others, 
this procedure was entirely without effect. Hoffmann found that 
when the rate of the ventricle was reduced by such a compression 
it was not due to any modification of the auricular rate which 
remained constant, but to the production of a partial vagus heart 
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block. The block might be so complete that the ventricular 
beats entirely ceased, as shown in the electrocardiogram, in which 
case syncope supervenes. In other words, these cases may often 
be converted by vagus pressure into the type next considered, that 
is, those in which the ventricle does not follow each auricular 
impulse. 

2. Auricular Flutter. — This condition was long unrecognized prin- 
cipally because all evidence of the rapid auricular contractions was 
obscured in the jugular by the irregular action of the ventricle. 
As a result of electrocardiographic studies, interpreted in the light 
of animal experiments, it may be said to be a condition of auricular 
tachyrhythmia imperfectly followed by the ventricle. Several 
effects may be induced : (a) The block may be partial and of a more 
or less irregular nature, in which case the ventricle responds to 
the third, fourth, fifth or eighth impulse from the auricle, or in 
which it periodically responds in different ratios; (b) the block may 
be complete, the ventricle assuming an irregular rhythm as in heart 
block. 

Clinical Recognition. — The existence of auricular flutter, according 
to Lewis, is often satisfactorily revealed by the arterial pulse 
tracing. This must apply to a very limited number of favorable 
cases. When complete block is present the heart may for long 
intervals be perfectly regular. The rate is then usually slow, but, 
according to Hoffmann, is not necessarily so. More frequently the 
block is irregular as shown in Fig. 80. In such cases the waves 
though irregular upon careful measurement, show groupings. 
Thus, in Fig. 80, one-half the period occupied by waves labeled 
2, is contained five times in the waves labeled 5 and four times 
in the waves labeled 4. 

The difficulty in analyzing the curvies so as to make a diagnosis 
is very great. They are often complicated by a pulsus alternans 
(see page 299), which is confusing. Again, the amplitude of the 
waves is influenced by the variation in the preceding pauses, hence 
the pulse beats following a 2 : 1 period are weak and may simulate 
premature systoles. Lastly, the block is accompanied by As-Vs 
intervals, presphygmic periods and transmission times which are 
variable and tend to disturb any exact measurements which should 
theoretically obtain. Thus, in Fig. 80, the three arterial waves 
labeled 2 are all of a 2 : 1 rhythm, as shown by accompanying 
electrocardiograms, yet the length becomes progressively shorter in 
consecutive waves. 

In the venous pulse, the prominence of the a waves is determined 
by the ventricular rate. When this is rapid with a 2 : 1 block, each 
auricular wave falls within a period of ventricular contraction and, 
hence, it is impossible to separate the one wave from the other. 
With a greater degree of block (e. g., 4 : 1) the a wave is clearer. 
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especially toward the end of the diastolic period. In such cases, 
each venous wave, though probably due to ventricular contraction, 
may be taken to indicate that auricular systole has occurred. An 
optical record taken simultaneously with the subchndan pulse is 
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Fig. 80. — Radial rairvrs and eli_'ftricardiogram in auricular fluttrr. ^huHintr linv 
the As-Vs iutf'r\-al \'ai'ies whfii the \'entricle respond.s irreffulari\'. Fiiiiire^ indicate 
the scheme of rej^ular irrejiularity present. f.Vfter Lewis.) 

shown in Fig. SI. The small waves recur during inter\-als appar- 
ently diastolic, at a rate of approximately oOO per minute. 

The electrocarfliogram (Fig. SO) shows a continuous series of 
oscillations wliich arc sometimes clearh' defined Imt often small 




Vu,. SI. — (Optical tracint^s from case of auricular flutter. Respiration (upper), 
supraclavicular venous pulse (middle) and subclavian pulse (lower). Variations in 
contour of so-called a waves very variable. .S'', first sound due to ineffective systole. 



"f ])()iiitcd, or scarcely recognizable, appearing merely as a wavy 
line. The> recur regularly at extremely rai)id rates (120-.3()()) 
except wlicn replaceij at iiiter\"als by a \'entricular complex of 
ll~S \-ariations. When a regular block occurs, the ll-S ciiniplcx 
1!) 
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is regularly interposed between every third or fourth P wave 
and its successor; when the block is irregular, however, as in Fig. 
80, these wave groups appear at irregular intervals and are accom- 
panied by irregular P-R intervals. The electrocardiogram indicates 
by the contour of the R S T complexes that a condition of partial 
block rather than complete block with ventricular rhythm 
exists. 

Tachyrhythmias of Atrio-ventricular Origin. — Clinical Physiology. 
— Just as extra-systoles may arise in the a-» junctional tissues and 
cause a simultaneous contraction of the auricle and ventricle or a 
shortened As-Vs interval, so it is conceivable that a series of such 
beats may occur and cause a tachycardia of auriculo- ventricular 
origin. It has been shown experimentally that the node of Tawara 
then becomes the pace-maker. Thus, after the application of 
formalin, or after excision or cooling of the sinus node, the auricles 
and ventricles may beat in synchronous rhythm (Lohman, Hering, 
Ganter, Zahn, Brandenburg, Hoffmann), the impulse arriving 
from the sino-ventricular node. A similar condition results when 
the sinus is beating rhythmically, as it does after stimulation of the 
left accelerator (Rothberger and Winterberg), and during asphyxia 
(Ken Kure). 

A nodal rhythm, then, appears (a) when the sinus node is 
depressed or poisoned and (&) when the sino-ventricqlar node or 
node of Tawara is stimulated. Quite recently Meek and Eyster 
and Zahn have corroborated the above findings and have proved, 
by recording the initial point of negativity, that either the aiu-icular 
or the ventricular poles of the node may inaugurate the rhythm, 
and, furthermore, that the seat of impulse formation may shift 
from one portion to another upon vagus stimulation. 

Clinical Recognition. — ^According to Hoffman, tachyrhythmias 
of nodal origin may be rhythmic or arrhythmic. In the rhythmic 
form the attacks quite closely simulate those of auricular origin 
from which they are distinguished only by a study of the electro- 
cardiograms. The arterial pulse is at times small and again large 
and dicrotic (probably because of imperfect recording sphygmo- 
graphs). The jugular pulse is characterized by systolic elevations 
in which a waves are presumably merged. Many of the published 
records, however, are clearly arterial tracings from the neck. 

In the electrocardiogram, the P wave may be lost in the R wave 
which may be increased or depressed. Sometimes a small preliminary 
wave on the R indicates that thie auricular contraction preceded 
the ventricular by a brief interval. Perfect regularity persists and 
the absence of complexes such as are typical for systoles of ventricu- 
lar origin indicates that the rhythm must have originated in the 
supra-ventricular region. A shortening of the P~R interval shows 
its junctional origin. Recently, Meakins {Heart, v, 285) has 
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undertaken an experimental study to determine the shape of the 
electrical auricular complex during nodal rhythm and finds it 
variable. As a rule, it starts in a downward direction or may be 
entirely directed downward. Often no carotid pulse is felt upon 
cessation of this form of tachycardia, but the galvanometer string 
undergoes violent oscillations. These, upon analysis, resemble 
extra-systoles of left ventricular origin. After several such oscilla- 
tion groups, the normal rhythm returns but in a somewhat accel- 
erated fashion (100 per minute) (Hoffmann). 

In some patients these irregular types of tachycardias alternate 
with intervals in which the pulse is regular, presenting no evidence 
of tachycardia. In others the irregularity is a constant feature. 
The paroxysms resembles auricular tachycardia, lasting hours or 
days. They differ in being extremely irregular as well as rapid. 
The electrocardiogram always shows typical waves such as originate 
in the Purkinje system which differ from the regular form described 
by the uneven character of the electl-ocardiogram. (For illustrations 
of these forms of electrocardiograms see Hoffmann.) 

Tachyrhythmias of Ventricular Origin. — Experimental Physiology. 
— It has been demonstrated by Lewis that a series of extra-systoles 
may be elicited from the ventricles of experimental animals thus 
giving the effect of a tachyrhythmia of ventricular origin. When 
the ventricle is stimulated by repeated and accurately spaced 
electrical stimuli, these stimuli are at first only periodically con- 
ducted back to the auricle and so call out only irregular auricular 
systoles. Gradually the conduction is improved so that more and 
more premature contractions occur until at last the auricle may 
accurately follow the pace set by the ventricle. In the dog the 
rate may reach 300 to 420 per minute. Similar results have been 
obtained by tying the coronary artery (Lewis), by stimulation after 
poisoning the heart with Ba or Ca and, also, by combined stimula- 
tion of accelerator and vagus nerves (Rothberger and Winterburg) 
(Ken Kure). 

Clinical Recognition. — The condition differs from other tachycardias 
by persisting for a shorter time, usually for from six to thirty beats 
(Hoffmann). Lewis reports a case lasting five minutes which is the 
maximum period reported. The rate approximates 210 to 300 
per minute. The attacks also recur frequently. 

The venous pulse shows a complex mixture of a and c waves, 
and those so far recorded seem of little value in differentiating 
the condition. Even the electrocardiograms are uncertain in 
determining whether or not auricular contractions exist and hence 
the question whether retrograde changes are present as in the 
animals is uncertain. According to the origin of the ventricular 
stimulus, these disturbances may be divided into three classes, as 
indicated by the electrocardiogram: (a) those in which premature 
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contractions arise in the right ventricle exchlsi^'eiy, (h) those in 
which they arise in the left ventricle exclusively, and (c) those in 

which they originate in both 
ventricles. As may be antici- 
pated, the characteristic feature 
consists of (1-30 wave groui)s 
resembling complexes character- 
istic of right and left ventricu- 
lar premature systoles. In the 
third group, mixtures of the two 
occur. 

An example of the onset and 
effect of such a paroxysm of the 
right basal type is shown in 
Fig. 82 taken by lead III. The 
first beat is clearly a premature 
one and is followed by others 
similarly recurring at a rate of 
240 per minute. The notch on 
the descending limb is possibly 
a P wave due to reverse con- 
duction. Between paroxysms 
the ventricular beats are often 
arranged in groups so that nor- 
mal complexes alternate with 
premature complexes. 

Pathological Significance of 
Tachycardias. — It is apparent 
that the paroxysmal tachycar- 
dias recognized by the sphyg- 
mograph arc due to five distinct 
causes, but that all arise from 
some portion of the conducting 
system. In other words, a new 
pace-maker is developed which 
submerges the acti\'ity of the 
original. It is most prol)able 
that the primary cause must 
be sought in a fundamental 
disturbance of the heart. That 
these paroxysms may be called 
out through the agency of the 
central nervous system cannot 
be denied in view of recent experimental evidence. It is apparent, 
nevertheless, that forms of tachycardia cannot now, as formerly, 
be regarded as without serious significance. 
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V. AURICULAR FIBRILLATION. 

Clinical Physiology. — If the auricle is stimulated with a tetanic 
current of moderate strength, the period of auricular acceleration 
first produced passes rapidly into a condition in which the auricle, 
instead of contracting, in an orderly rhythm, executes a series of 
minute rapid twitchings which at times merge into irregular but 
independent wavelets traveling short distances over the auricular 
surface. As to the cause of this fibrillating state, it has been com- 
monly assumed of late, in accordance with the work of Mac William 
and Lewis, that incoordination results from the fact that the 
irritability of the stimulated areas increases so that they become 
independently and highly rhythmic, or, as it might be expressed, 
they initiate a rapid series of premature systoles which spread in all 
directions over the auricle. The inadequacy of this view has 
recently been pointed out by Garrey, who found that if the excited 
area is excised, or otherwise separated from the rest of the auricle, 
it ceases fibrillating while the rest of the auricle continues to do so. 
Further observations on the fibrillation of strips of various size and 
the ability of the process to pass small strips convinced this author 
that the condition is due to the induction of a series of small blocks 
within the auricular tissue making it impossible for the entire 
musculature to receive its stimuli at once. This makes it possible 
for the contraction wave to travel from one muscle cell to the 
other in a series of ring-like circuits of shifting location and of 
multiple complexity. 

The ventricle during auricular fibrillation beats with a very irregu- 
lar rhythm which, however, is coordinated and sufficient to maintain 
the circulation. Its rate is usually quite rapid. If, while the 
auricle is fibrillating, heart block is mechanically produced, through 
vagus stimulation or by the use of drugs, the ventricular rate 
slows and becomes more regular, as in an uncomplicated case of 
heart block (Fredericq, Lewis, Gerhardt). Cushny, in 1899, first 
suggested that the condition might explain certain types of per- 
petually irregular pulses in man. The idea appealed to INIackenzie 
and Wenckebach and its relation to such pulses was rendered more 
probable by the combined experimental and clinical studies of 
Lewis and Rothberger and Wintemberg, who showed that the 
electrocardiogram typical of this condition in the dog was prac- 
tically reduplicated in man. 

Hemodynamics. — The effects of such irregular ventricular 
sequence have been studied experimentally (Lewis, Wiggers). 
The efficiency of the circulation apparently depends on the rate 
of the ventricular rhythm and the number of ineffective systoles 
resulting. Two types of cases may consequently exist, viz.: (1) 
those in which a fairly normal arterial pressure is maintained and 
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(2) those in which the arterial pressure falls and venous engorgement 
ensues. The writer has analyzed the dynamics in these two groups 
in detail on the basis of optical manometer records obtained from 
the auricle, ventricle, and subclavian. 

In Fig. 83, A, is shown a case of the former type. The upper 
record shows the variations in intraventricular pressure from beat 
to beat; the lower, the corresponding variations in subclavian 
pressure. 

The isometric period extends from A to B, the ejection period 
from B to C. It is evident that systoles varying greatly in strength 
occur without definite order. The differences in the systoles of 
different strength manifest themselves in the gradient of the 
upstroke, in the contour of the ejection period, and in the slope of 
the relaxation curve. It is obvious that the variations in the 
upstroke and ejection period do not, as in hearts possessing a normal 
rhythm, depend much upon the initial tension, but more upon the 
interval between its onset and the end of the previous contraction. 
The waves occurring immediately after systole are smallest and the 
rise is more gradual. Arranging the waves from the smallest to 
the largest, those numbered 3, 5, 7, 10, 2, and 9 may be placed 
in a series. When, however, an extra supply of energy is exhausted 
by two rapidly recurring systoles, the third wave as at 8 and 11 
may be very small, even though a longer interval intervened. The 
rate of relaxation is directly related to the strength of systole; 
partly, at least, because in the weaker beats more blood is retained 
in the ventricles; partly also, perhaps, because the inherent rate of 
muscular relaxation is slower, although no direct evidence for this 
is obtained. 

The pressure of an aortic pulse curve, as well as its shape, depends, 
to some extent on the strength of the ventricular systole, but is also 
governed by the height of the diastolic pressure at the end of the 
isometric period of cardiac contraction. Thus, while the gradient 
of the ventricular upstroke and the height of the curve in waves 
10, 13, and 15 are not materially different, the size and shape of the 
corresponding arterial curves vary extensively. When the semi- 
lunar valves fail to open, as in wave 7, no arterial wave is found and 
the second heart sound fails to occur; while in weaker contractions 
such as 3, 8, and 11, no sounds can be heard by means of the stetho- 
scope. This shows that the ventricle may contract and give rise 
to neither arterial waves nor heart sounds. 

Quite a different picture is presented, however, by another class 
of experiments shown in Fig. 83, B. In this experiment, the heart 
was dilated, the venous pressure high, and the carotid mean press- 
ure averaged 27 mm. of mercury. The upper curve again repre- 
sents intraventricular pressure; the lower, intra-auricular pressure. 
Each group of waves in a heart cycle becomes an interesting study 
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by itself. In group /, it is shown that the ventricle is still capable 
of giving strong beats. This intraventricular curve appears fairly 
normal in spite of some regurgitation which is made evident in 
the auricular curve, both by the sudden rise of pressure during 
ventricular systole and by the murmur vibration created at a-b. 
In group II, a vibration occurs in the ventricle, which corresponds 
exactly in time with the first vibration in the auricle. Probably 
not so much regurgitation occurred in this beat. In the auricles 
distinct c and « waves are produced. During the attenuated 
systole, X, y, and z, waves corresponding to the a rise and v fall are 
present. Without an intraventricular pressure curve as a guide, 
these waves might be interpreted as occurring during the diastole 
of the previous beat or cycle. The third wave group shows, after 
a valvular vibration and at the beginning of the ejection period, 
a sudden rise, e-f, apparently indicating that the triscupid regurgi- 
tation was suddenly augmented during the height of the ejection 
period and permitted a sharp regurgitation. In the fourth group 
marked out, two weak ventricular systoles caused no regurgita- 
tion but produced a series of four distinct waves comparable to 
c and V waves. Similar ventricular contractions may, however, 
be accompanied by a regurgitation. This occurs in the two waves 
of group V, as shown by the immediate and sustained increase of 
pressure in the auricle, as well as by the murmur vibration super- 
imposed at 0. The chief deviation of the intraventricular pressure 
curve consists in the slow rate of relaxation which might result from 
a high degree of tonus or be due to a great accumulation of blood 
within the ventricle because the average systole takes place with 
too little vigor. Since the vigor of the systole is dependent on the 
frequency of the ventricular contraction, it is apparent that the 
most efficient circulation is maintained in auricular fibrillation when 
the beats are initiated somewhat slowly. 

Clinical Recognition. — ^This condition is not as a rule difficult to 
diagnose. The arterial puke alone is often diagnostic. The rate 
may be fast or slow, although a rapid rate is most frequent, if 
medicines have not been used. The characteristic feature is the 
absolute irregularity of beats. There is no sequence to be discovered 
in the irregularity. Beats of different size follow each other in 
varied order and it has often been pointed out that, contrary to 
other conditions, there is apparently no relation between the strength 
of the pulse beat and the intervening pause. From this the inference 
is sometimes drawn that the ventricle does not obey the law that 
the strength of contraction is inversely related to the preceding 
period of rest. The writer has recently shown, however, that this 
law is obeyed but that the seeming lack of relation between the 
size of the pulse and the interval intervening is due to the varying 
diastolic pressure existing at the time of the ejection. Since there 
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is still some doubt whether all such types of completely irregular 
pulse are due to auricular fibrillation (Hoffman) it is desirable to 
study other graphic methods. The venous pulse, according to 
descriptions given by Mackenzie and Lewis are characterized (a) 
by the entire absence of a waves and (b) by the presence of prominent 
waves rising synchronously with Ventricular systole and often 
showing a sharp drop or notch in mid-systole. The details are well 
shown in Fig. 84. When the pause is long diastole is characterized, 
in addition to the v wave and an h wave, by small movements 
estimated to recur at the rate of 350-500 per minute (Rihl, Lewis 
and Mackenzie). They are irregular in their periods and size as 
well as their occurrence and are attributed to auricular fibrillations. 
These ripples are well shown in an optical tracing in Fig. 84, /, /. 

Upon auscultation, characteristic changes in the heart sounds or 
murmurs develop with the onset of fibrillation. If a presystolic 
murmur has previously been present, when this disturbance is 
added to mitral stenosis, that murmur disappears (]\Iackenzie) , 
while the early diastolic murmur due to ventricular filling persists. 
This is shown in the sound record of the murmur of Fig. 84. 

The electrocardiogram throws interesting light both upon the 
diagnosis of the condition arid upon the origin of the impulses as 
well (Fig. 85). The curves are characterized (a) by a lack of 
waves typical of auricular contraction {P waves); (b) by the pres- 
ence, in irregular sequence, of normal Q-R-S-T variations which 
vary in height; (c) by the presence of small irregular oscillations 
varying in form and time intervals attributed to auricular fibrilla- 
tion. They are usually present in this condition and in no other 
known affection. Some of these waves occasionally form larger 
waves which resemble in form such as might be due to auricular 
contractions. They have been attributed both to occasional 
auricular contractions (Hoffmann) and to tonus changes in the 
auricle. If present they are not related to ventricular complexes. 
In some cases the normal ventricular complex is replaced by one 
resembling that obtained when the impulse reaches one ventricle 
before the other. It is impossible to decide at present whether 
these complexes are due to an actual premature systole or to an 
impairment of the conduction through one bundle of the conducting 
system. 

The question as to the place where the impulses causing the 
irregular ventricular contractions arise must remain an open 
one. That the impulses are of a supraventricular and not, as a 
rule, of ventricular origin is indicated definitely by the electro- 
cardiogram and by experimental studies. The view was suggested 
by Lewis that the impulses originated in the auricle aside from the 
normal pace-maker and were passed to the ventricle in such profusion 
that it could react to only a small part of them. The suggestion 
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of Edens that the rhythm is given by the coronary sinus or that it 
may be originated in the a-D node and connecting tissue is not at 
variance with the evidence at hand. In fact most of the evidence 
supports the idea that the pace-maker for the ventricle wanders in 
cases of fibrillation. 

The influence of the vagus stimulation and of digitalis to slow 
the ventricular rhythm may also be explained upon either hypo- 
thesis. According to Lewis it increases the block for auricular 
impulses, but it is equally possible that it causes a shifting of the 
pace-maker for the ventricular beat. 

Prognosis. — Auricular fibrillation is not infrequently associated 
with the late stages of mitral lesions, so that the irregular pulse 
has often been called the "mitral pulse." Histological examination 
of cases has revealed degenerative and inflammatory changes, or 
a production of fibrous tissue throughout the auricle and the 
conducting tissue (Koch, Mackenzie, Schonberg, Cohn, etc.). 
The existence of fibrillation may therefore be regarded as an indica- 
tion of a general cardiac involvement. The immediate prognosis 
depends on how efficiently the heart is able to maintain the circula- 
tion under the strain of an irregular rhythm. The measurements 
of the highest and lowest systolic pressures, or the average systolic 
pressure is therefore capable of giving evidence as to the prognosis. 
Once present, fibrillation probably persists for the remainder of 
life. Mackenzie has reported a case in which it was present for 
thirteen years. Eventually death results through an embarrass- 
ment of the circulation. There is then a progressive failure of the 
heart, breathlessness, dropsy, liver enlargement, etc. Death follows 
after these symptoms have lasted days, weeks, or months. 



VI. ALTERNATION OF THE VENTRICULAR CONTRACTIONS. 

Clinical Physiology. — ^When the intact or isolated heart is subjected 
to adverse conditions or is frequently stimulated (as is frequently 
observed in student laboratories) the ventricular beats recur in 
pairs, one of each pair being weaker than its fellow. They may be 
perfectly rhythmic or the smaller beat may occupy a shorter time 
interval. Similar alternation may be produced by depressing 
drugs, as aconite, glyoxylic acid, and, as the writer has observed, 
with pituitary extract. The dynamic difference in strength is 
evidenced by any mechanical form of registration, by the myocardio- 
graph, the intraventricular pressure or the arterial pulse tracings. 
The study of the latter two shows in the weaker beats a slower rate 
of contraction, a longer isometric period and, consequently, a reduc- 
tion in the ejection period and systolic discharge (Kahn and personal 
observations). 
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The electrocardiogram shows normal P-R-T waves. During 
the feebler beats T and R may decrease in height together, or T 
alone may be smaller. The cardiac cycle is usually of the same 
length . 

Pulsus alternans has been repeatedly in\'estigated. As to the 
cause of the smaller beats three general views are held: (a) that 
owing to local block in the ventricles, the impulses are not received 
by all the muscle fibers, hence that a maximum contraction of only 
a portion of the fibers occurs (Gaskell, Muskins, Galli); (h) that, 
similarly, only a jmrt of the ventricular fibers contract, clue to the 
fact that certain ones have a longer refractor\- period; (c) that all 
the fibers contract, but owing to a periodic variation in their con- 
tractility or state of irritability, they do not contract to a maximum 
degree during the smaller beats (Hoffmann, Engleman, Wencke- 
bach, Fredericq). 





i 



Fk;. so. — Radial pulse and electrocardiogram in ca.se of pulsus alternans. (After 

Kahn.) 



Clinical Recognition. — (Fig. 8(5). The condition was first recog- 
nized by the alternating heights of pulse waves, but was frecjuently 
confounded with bigeminal pulses due to recurring premature 
contractions. These two conditions may be distinguished b,v the 
fact that the beats in pulsus alternans recur regularly. If any 
slight variation does occur, the larger beats ma}' occupy a somewhat 
longer interval, which probably occurs because the period of isome- 
tric tension of the preceding smaller beat is longer. In the case 
of premature systoles, on the contrary, the intervals are never 
equal, and the smaller beats occupy the longest interval. 

It may happen that the condition is complicated by premature 
contractions in which case curious complexes are produced (Fig. 
8(j). The electrocardiogram shows a normal sequence of P, R, 
and T wa^-es. Variations in the duration of systole and diastole 
are usually not present, indicating that the pulse variations may 
not be a true criterion of the actual length of the cardiac cycles. 
The wa^es may show alternations in height which do not always 
correspond to the pulse ^'ariations, however. In many cases no 
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variation occurs when the pulse shows the alternation plainly. 
This suggests that possibly the electrocardiogram waves are an 
expression of excitation rather than of conduction. At any rate, 
the electrocardiogram is not a certain means of recognizing this 
affection. When premature systoles occur, as in the third complex 
of Fig. 86, they may be readily recognized by their peculiar contour. 

Pulsus alternans may also be associated with other forms of 
irregularities. It frequently accompanies auricular tachyrhythmia 
(auricular flutter) as well as paroxysmal tachycardia of the whole 
heart. 

Prognosis. — ^The existence of pulsus alternans indicates a damaged 
condition of the heart muscle or that the heart is unable to react 
to a greater strain. The prognosis, therefore, depends upon the 
associated disturbance. If we find it present during rapid heart 
action following exercise or during paroxysmal tachycardia it may 
indicate that the muscle is unable to meet the strain for the time 
being. It is then not of so serious a nature. If, however, the 
pulsus alternans comes on during normal action of the heart, it 
can be due only to extensive degenerative changes, sclerosis or 
other involvement of the heart muscle. No hopeful prognosis 
can then be given and the danger is even more pronounced if the 
pulsus alternans is accompanied by pains of an anginal character. 
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CHAPTER XIX. 

HYPERTROPHIC COMPENSATION, CARDIAC INSUFFI- 
CIENCY, AND DILATATION. 

HYPERTROPHIC COMPENSATION. 

Clinical Physiology. — By hypertrophy is meant an increase in 
size of the muscular elements of the heart. It is an anatomical 
term. By hypertrophic compensation is meant the increased function 
possessed by hypertrophied heart muscle. It is a physiological 
term which implies the existence of hypertrophy. The presence 
of anatomical hypertrophy, on the other, hand, is not necessarily 
indicative of hypertrophic compensation, for it is quite possible, as 
we shall see, for such hypertrophied muscle to be below par in func- 
tion and to exhibit evidence of hypertrophic cardiac insufEciency. 

How is hypertrophic compensation brought about? It has 
been shown by Frank in the case of frog's hearts placed in com- 
munication with artificial circulation schemes and, for the heart 
intact within the body (Wiggers, Straub, Patterson, Piper and 
Starling) that, when the peripheral circulation is not changed, 
the height and steepness of the intraventricular pressure curves 
increase directly as the initial pressure (Fig. 10). This means that 
the power of the heart to respond increases with the quantity of 
blood in the ventricles during diastole. The more blood the cardiac 
chambers receive, the more efficiently they pump it out, thus main- 
taining an equilibrium in the circulation. There comes a time, 
however, as Frank has shown, when the heart instead of reacting 
to an increased supply by an increased output, responds by a dimin- 
ished contraction. The intraventricular pressure that may be 
created before this occurs, measures the reserve power of the normal 
heart. Very much the same process occurs when the normal 
heart is submitted to augmented strain, as an extreme rise of 
arterial blood-pressure or during aortic stenosis or aortic insuf- 
ficiency. Thus, in experimental aortic insufficiency, when a 
greater volume of blood and a higher pressure exist in the ventricle, 
the ventricle immediately responds with a greater contraction. 

The strength of the cardiac contraction may be modified by 
chemical agents quite independently of the initial pressure and 
diastolic volume. Thus, by way of illustration, the height and 
gradient of the intraventricular pressure curve decrease after 
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depression by pituitary extract and increase after stimulation by 
adrenalin. It is not improbable that a similar effect may be 
exerted on the heart by toxic and infectious substances. When 
either or both factors persist for long intervals it can be shown 
experimentally that an increase in the size or a hypertrophy of 
heart muscle occurs {cf. Stadler, Stewart). This results not merely 
from a better blood supply (in fact many conditions with increased 
blood supply show no hypertrophy) but from the fact that the cells 
have received some stimulus (mechanical or chemical) which 
increases their liberation of mechanical energy. By virtue of this 
their metabolism is placed upon a higher level and so tends to bring 
about an increase in their size {cf. also Edens). 

It is probable that the hypertrophy resulting in man when the 
heart is placed under additional strain comes about in a similar 
manner. A great deal of discussion has arisen as to whether the 
increase in initial tension which serves to cause temporarily the 
augmented beats is alone responsible for the increase in size. Kiilbs' 
experiments, showing that hypertrophy in animals can be produced 
by the strain of exercise; and the well-known enlargement present 
in the so-called athletic heart speak in favor of the possibility of a 
purely mechanical origin of the hypertrophy. The question is, 
however, more complicated when the hypertrophy follows disease 
processes. That it is a reaction to increased work is evident since 
it is often present in cases in which the initial pressure has been 
increased. That this is not the only cause, however, is indicated 
by these observations: (1) that usually hypertrophy involves both 
sides of the heart equally or that the hypertrophy is out of all 
proportion to that possible from mechanical factors alone; (2) 
that the hypertrophy is generally accompanied by degenerative 
changes indicating that a toxic stimulus has acted upon the cells. 
It is probable, therefore, that the hypertrophy found in diseased 
conditions at least results from the action of the combined mechan- 
ical and toxic stimuli on the cell nutrition. 

Hypertrophy of the muscle cells may therefore be looked upon as 
evidence that the contracting power of the heart has been previously 
augmented. Functionally, it is apparently a protective process. 
Although the larger cells react as did the normal cells, there is this 
difference: The normal heart submitted to continued extra work 
has nearly exhausted its reserve power, so that the imposition of 
additional work would result in less efficient beats. Graphically, 
the intraventricular curve would reach a lower summit, as shown 
in Fig. 10. The hypertrophied cells on the other hand have acquired 
with their anatomical enlargement a functional increase of their 
reserve power, so that the margin of safety is equal or even beyond 
that of the normal heart beating under the usual conditions (Rom- 
berg and Hasenfeld, Kiilbs). 
20 
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Cardiac Insufficiency. — Cardiac insufficiency may be said to occur 
when the heart fails to discharge as much blood as it receives. 
From a dynamic aspect, insufficiency occurs as soon as the maximum 
level of intraventricular pressure and the steepness of the isometric 
rise no longer increase with a rise of the initial tension in the ventricle 
(Fig. 10). When this happens the systemic pressures fall and the 
heart dilates. Dilatation and cardiac insufficiency have therefore 
become almost synonymous words. This is very unfortunate, 
however, for we may have dilatation in a perfectly sufficient heart. 
Thus, a very slow and efficient heart may be dilated owing to the 
fact pointed out by Henderson that the degree of diastolic disten- 
tion is a function of cardiac diastole. Such an increased filling 
is largely equalized, however, by the more efficient systole which 
follows. 

Dilatation may accompany cardiac insufficiency when the elastic 
resistance of the myocardium is overcome by the higher initial 
intraventricular pressure and the ventricle is passively distended. 
Dilatation, however, also occurs when the tonus diminishes — using 
the word tonv^ in its restricted sense, that is, a partial state of 
muscular contraction due to the slowing of the relaxation. Such 
a dilatation may be designated as active. It is probably a cause 
rather than an accompaniment of cardiac insufficiency; for, in such a 
case, the maximal efficiency for any need is not reduced primarily 
by a defect of the contraction power. On the contrary, it occurs 
because the lower tonus accommodates more fluid without increasing 
the initial tension, and so fails to supply the conditions necessary 
for a stronger beat to expel the blood. 

On the other hand, the heart may become inefficient from too high 
a state of tonus, for then the capacity is so reduced that the output 
per beat is diminished and the maximum intraventricular pressure 
becomes lower. 

It is clear, then, that insufficiency of the heart may be due to 
several causes and is not necessarily synonymous with dilatation 
or loss of tonus. Frequent association with loss of tonus is indicated 
by the experiments of Hirschfelder, who found that clamping the 
aorta, for example, caused, first a decreased output and consequently 
a passive dilatation of the heart. If the heart was in poor con- 
dition the dilatation became progressively worse. If, however, the 
heart was in good condition, the dilatation progressively diminished. 
It is possible that this was due to the counteracting influence of 
tonus but the fact has not been excluded that the reduced dilatation 
was traceable to the larger amplitude of discharge which is clearly 
evident in the published curves. 

It is often difficult to determine which condition predominates 
when a dilatation is present. We may attempt to analyze a few 
types of cases in the light of experimental work. In the first place, 
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it is commonly agreed that in normal men the pulse accelerates, 
the arterial pressure rises and the heart outline, as studied by the 
orthodiagram, diminishes during sudden, vigorous exercise (Dietlen). 
Whether the diminution in size of the heart is entirely the result of 
the increased heart rate or whether a true tonus exists cannot be 
said. If strenuous exercise be persisted in by persons unaccustomed 
to it, the arterial pressure soon falls and the heart area enlarges, 
while the patient suffers from acute exhaustion. Why does the 
heart dilate? It can scarcely be attributed to an increased rate. 
It is also improbable that the increased venous pressure commonly 
noticed in such cases is a cause — more probably it is an effect. 
It must therefore either be assumed that the tonus decreases or 
that the reserve power is passed and the heart fails to pump out 
the blood supplied. It is impossible at present to decide which 
occurs. In either case cardiac insufficiency is clearly present. 
In pathological cases which are even more complicated the cause 
and significance of the dilatation cannot be determined. The 
relative roles played by incomplete contraction and failure of 
tonus must be considered as not established. As older clinicians 
held largely to the idea of passive dilatation, so the recent tendency 
has been to give to tonus the entire responsibility. It may be true 
that the failure of tonus in certain cases seems alone to account 
for the condition (Mackenzie) but it is not necessary to assume that 
all cases are concerned with such a failure. The whole question 
deserves a careful reinvestigation. 

While cardiac insufficiency sometimes occurs in normal hearts, 
it is always the sequel of hypertrophy. 

To the question as to why this inevitable sequence occurs, it 
may be answered: (1) that the process of hypertrophy may be 
merely the first effect of a toxic action which finally leads to degen- 
erative changes in the muscle thus impairing its contractile power 
and tonus, and which brings about a connective tissue proliferation 
that may develop into a marked myofibrosis (Krehl); (2) that the 
part of the heart which most needs compensation is not always the 
one to develop it, since it has often been found post mortem and 
by the electrocardiograms that the greatest hypertrophy may occur 
in the right ventricle in aortic disease or in the left in mitral lesions 
(Lewis) ; and that finally, (3) irregularities due to associated myo- 
cardial lesions often occur which tend to interfere with the efficiency 
of the circulation. 

Clinical Manifestations of Cardiac Hypertrophy. — Clinically, 
hypertrophy of the ventricle cannot always be reliably distinguished. 
An enlargement of the heart revealed by percussion or by the use 
of the orthodiagraph may be due to dilatation alone. In fact, with 
the exception of the hj-pertrophy of aortic insufficiency or nephritic 
hypei tension, it is questionable whether the increase in size is 



308 HYPERTROPHIC COMPENSATION AND DILATATION 

great enough to be detectable by percussion (Sahli). Certain signs 
are generally considered not only suggestive, but also indicative 
of the side involved. Thus, an increase in the deep and relative 
dulness to the right is usually attributed to right-sided hypertrophy. 
It may be recalled, however, that the orthodiagrams show the right 
border to be composed largely of right auricle. It is questionable, 
therefore, whether a dilatation of the right ventricle can be diag- 
nosed upon such evidence alone. Mackenzie has pointed out that 
dilatation of the right ventricle pushes the dulness to the left with 
the apex displaced downward and outward much as in left-sided 
hypertrophy. The difficulty in distinguishing right- from left-sided 
hypertrophy by percussion is therefore great. Fluoroscopic 
examination and a study of the form of the orthodiagram in various 
lesions is sometimes of assistance (see page 246). 

Auscultation is considered of value in establishing the existence 
of hypertrophy because an augmented secoijd sound in the pulmonic 
or aortic area is presumably associated with a higher blood-pressure 
and this, in turn, with a ventricular hypertrophy. It is by no means 
certain, however, that a higher pressure will cause a louder sound, 
in fact, Lewis found no increase in amplitude of the sounds on com- 
pressing the aorta in animals. If this were the case, however, 
there are many causes of a high pressure other than hypertrophy. 
The presence of systolic murmurs reflected to the tricuspid and 
mitral regions, especially when they appear and disappear, may with 
more reason be regarded as a sign of dilatation, for when the 
muscular support is removed from the valve rings, a functional 
insufficiency probably results. 

Changes in the cardiac pulsations are said to be characteristic. 
Thus, a strong localized apex beat associated with a large pulse is 
attributed to left ventricular hypertrophy; whereas, a diffuse apex 
beat associated with a small pulse and epigastric pulsation favors 
right-sided hypertrophy. Little reliance can be placed on a negative 
apex beat during ventricular systole as a criterion of right-sided 
involvement. So much depends upon the placement of the tam- 
bour, upon the proper time allowance for transmission and upon the 
recording instruments, that curves such as presented by Mackenzie, 
for example, are far from convincing. 

It is not any single sign so much as a correlation of findings 
that determines the diagnosis. The most satisfactory means of 
arriving at a diagnosis is probably by the use of the electrocardioT 
gram, as suggested by Einthoven (Fig. 87). If right-sided hyper- 
trophy predominates, Ri is directed downward and Rni upward. 
In left-sided hypertrophy, Rui is downward and Ri upward in 
direction. If the R and T waves are small, dilatation is probable; 
if they are large, hypertrophy is indicated. The accuracy of our 
clinical methods in differentiating hypertrophies has lately been 
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checked by Lewis who finds the electrocardiograms very reliable 
but reports that ordinary clinical findings were substantiated in 

only 7(1 per cent. oF cases. 
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Fig. 87. — Two -ct^ of rlr.'trM.-alilininaiu of lislit and lcft--iil'a liyp.rtroiih\-. 
A, hypcrtropd.N' of ritiiht \cntriclc following rheumatic endofaitlili.s and mitral 
stenosis. — Note larse P wave in lead //. B. hypertrophy of left ventriele. reeent 
rheumatic endocardilis. AbscisciE. 1 div. = 0.04 sec. (Courtesy of H. B. Williams.) 



Clinical Marifestations of Cardiac Insufficiency. — The signs of 
an impaired circiilatioii following;' ilihitatimi with cardiac insuf- 
ficiency arc well-known tiinl characteristic. Insufficiency of the 
left heart causes low arterial pressure, a small piijsi; ;nid ;i coii;.iestion 
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of the pulmonary circuit with its attendant symptoms. Insufficiency 
of the right heart is accompanied by venous engorgement and the 
symptoms produced from stasis in the Hver, stomach, etc. Their . 
details are considered in connection with cardiac insufficiency 
following valvular lesions. 
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CHAPTER XX. 
THE VALVULAR LESIONS OF THE HEART. 

The normal valvular action on which the heart beat depends for 
an efficient transfer of blood from the venous to the arterial channels 
may be interfered with, either by the narrowing of the valves 
(stenosis) which offers an added resistance to the flow of blood, or 
by their failure to close completely {insufficiency or incompetency) 
which brings about a backward leakage. 

These changes in the valves are usually the after-effects of an 
infectious endocarditis following the invasion of the blood stream 
by streptococci,^ staphylococci, pneumococci or gonococci; or they 
may be an accompaniment of a general arteriosclerosis in which 
case syphilis predominates as the etiological factor. The changes 
consist of vegetations, scars, ulcerations, fibrous and atheromatous 
changes, fusion of cusps during reorganization, etc. Finally, valves 
may rupture during excessive strain or become insufficient when the 
ventricles dilate or lose their tonus, in which case the valve rings 
are stretched and the chordae tendinae perhaps become taut before 
valve closure has been effected. The latter type of lesion is often 
designated as "functional" as contrasted with "organic lesions" 
in which permanent morphological changes in the valves are evident. 

The presence of fibrosis, atheromatous plaques, rough edges or 
even vegetations does not necessarily result in insufficiency, for not 
only smooth sounds but even knotted cords have been introduced 
experimentally and the valves by their elasticity still adapted 
themselves to these irregularities (de Santille and Grey). 

It is generally recognized that any valve defect is accompanied 
by a dilatation of the heart cavities which leads to anatomical hyper- 
trophy of the cardiac muscle. It is also assumed that such a 
hypertrophied heart is capable of exerting a stronger beat and 
discharging a larger systolic output with less call on its reserve 
force. This has been termed " compensation." It is not so generally 
appreciated, however, that the heart is capable of compensating 
at any time without any increase in muscular development. This 
is due to the physiologically established fact that the output of the 
heart per beat or the strength of its stroke is governed by the initial 
pressure within the ventricle. In experimental work, the sudden 
production of a lesion is followed immediately by an increase in the 

1 Including Micrococcus rheumaticus. 
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diastolic pressure in the chamber behind and, during the very next 
beat, this chamber responds by a more vigorous contraction. It is 
very questionable, indeed, whether the subsequent increase in 
muscular tissue is not a result rather than a cause of the greater 
physiological activity of which each beat is capable (cf. page 304). 

AFFECTIONS OF THE TRICUSPID VALVES. 

Pathological lesions of the tricuspid valves are comparatively 
rare, and, when found, are usually associated with other lesions. 
The precise reason that the valves of the right heart are more 
frequently spared in endocarditis is not fully explained. The 
most common lesion is a functional insufficiency which occurs 
when the right ventricle is dilated, either because it is unable to 
empty properly on account of a great "vis a f route," or because 
its contractions fail. This type of insufficiency has been looked 
upon as a safety device protecting the right ventricle from excessive 
distention and it is often supposed that a relatively small distention 
is sufficient to cause regurgitation. Observations on experimental 
animals do not confirm this opinion, however, for their ventricles 
may be distended under enormous pressures (200 to 250 mm. water 
during diastole) without causing any regurgitation. 

Hemodynamics of Tricuspid Insufficiency. — While tricuspid insuf- 
ficiency, as recognized clinically, is usually secondary to changes 
in the left heart or alterations in the pulmonary arterial pressure, 
the experimental investigations have concerned themselves with 
the effects of tricuspid insufficiency per se. The results of these 
experiments can be applied absolutely to only a small per cent, of 
clinical cases. 

When the tricuspid valves are rendered insufficient in animals 
(Rosenbach, Rihl, MacCallum), the pulmonary mean pressure 
may fall slightly but the systemic pressure is not appreciably 
affected unless the lesion is severe and the right heart becomes 
extremely dilated: The venous pressure rises and the auricular 
pressure shows a positive wave during systole (Rihl) similar to the 
ventricular type of venous waves described by Mackenzie. Investi- 
gation of tricuspid insufficiency during dilatation of the right heart 
by sensitive optical manometers shows that this is not a smooth 
wave, as is commonly assumed, but that the waves of peculiar and 
varying contour which occur are made up of a series of smaller 
vibrations which are evidently the cause of the systolic murmur 
detected in such lesions (cf. Fig. 83, B). They may be explained 
by assuming that blood is forced through small crevices in the 
valves and not through a patent opening. 

Clinical Manifestations. — The symptoms of tricuspid insufficiency 
alone are chiefly those of cardiac insufficiency in general. They 
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are attributed to venous stasis and a deficient arterial supply to 
vital organs. The accumulation of blood in the venous reservoirs 
leads to a stagnation in the liver and portal system as well. This 
accounts for the symptoms of tenderness over liver, reflex abdominal 
rigidity, jaundice, anorexia or even nausea and vomiting. The 
secretory and motor activity of the entire intestinal canal is 
apparently interfered with, as is shown by the persistent accumula- 
tion of gas. Venous stasis and the slowed current probably account 
also for the production of edema and ascites because the intra- 
capillary pressure is thereby increased (Starling). 

The diminished blood supply in dynamic anemia affects primarily 
the cerebral and medullary centres giving rise to such symptoms 
as dizziness, giddiness, forgetfulness, augmented breathing, and 
dyspnea. The heart rate is accelerated by a depression of the 
vagus centre. These symptoms are of course not pathognomonic 
of tricuspid regurgitation but of cerebral anemia of any type. 

The renal organs are next affected. The secretion of urine 
diminishes and its specific gravity becomes high. Albuminuria is 
frequently present. 

Physical Examination. — The facies of the patient is cyanotic, 
the degree depending on the venous stasis. In extreme cases the 
tips of the ears and nose may become a livid blue. If congestion 
is less severe the yellow jaundiced tint may appear in the skin as 
well as in the sclera. The neck veins are, as a rule, distended and 
pulsate visibly. A systolic liver pulsation is felt on palpation. 

The apex beat is diflfuse and may extend to the nipple line. 
Sometimes the positive beat is replaced by a negative retraction 
which probably has no special significance. The cardiac dulness 
increases to the right owing to the distention of the right auricle. 
Fluoroscopic examination confirms these findings. 

Upon auscultation, a soft, blowing, systolic murmur is heard 
o-\'er the tricuspid area or, more frequently, over the lower end 
of the sternum. The murmur of a relative insufficiency is frequently 
softer than one due to endocarditic changes, but it should be borne 
in mind that the latter may become very faint when the cardiac 
contractions become weak. As far as the writer is aware, no 
records of the murmurs have been reported. 

The venous pressure is high and in the arm may easily reach 
25 cm. of water when decompensation is extreme (Hooker). The 
venous pulse shows a typical variation from normal. It is usually 
stated that the negative systolic wave is replaced by a positive 
wave giving rise to what Mackenzie has termed the ventricular 
type of venous pulse. Optical tracings indicate that the contour of 
the supraclavicular venous pulse is entirely changed, however; 
in fact several variations may occur in consecutive order when the 
heart is beating irregularly (Fig. 88). Their nature is also shown 
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experimental animals (f/. Fig. 83, B, and 
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Hemodynamics. — The dynamic changes 
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circulation machines, it can be shown 
that, when a mitral valve is rendered 
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to the arterial side which, with an unal- 
tered heart rate, indicates a decreased 
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discharge. This decreased discharge 
accounts for the fact that the amplitude 










of the arterial pulse is reduced (Fig. 89). 
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scheme, thereby resembling the effect of 
compensation in the body, the venous 
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pressure is again reduced, the arterial 
pressure rises and the pulse amplitude 
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respect to the effect of a decreased sys- 
tolic output of the heart {cf. page GS). 
These conclusions have, in the main. 
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ure falls and the mean left auricular 
pressure rises. Furthermore, the pressure 
in the left auricle, instead of decreasing 
sharply early in systole, now increases 








very much as is the case in the right 
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auricle during tricuspid insufficiency. The mean pressure within 
the pulmonary artery is altered relatively little. With a shght 
grade of insufficiency, it rises shghtly due to a rise of left 
auricular pressure, but if the insufficiency is great it falls. This 
has been interpreted as traceable to a diminished venous return 
to the heart (MaeCallum and McClure). In either case the 
minute flow as well as the velocity of flow through the lungs is 
decreased. There is this difference — in the former case, the 
total blood content of the lungs is increased (pulmonary con- 
gestion); whereas, in the latter, blood accumulates elsewhere in 
the body. Similar results have been obtained in experiments 
carried out by the writer in conjunction with DuBois. These 
records, however, show a much smaller rise of mean left auricular 
pressure after very considerable leaks, a difference evidently due 
in part to the fact that other investigators used undamped man- 
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Fig. 89. — Pulse tracings from artificial circulation machine, comparing the 
effects of different lesions with normal curves. 



ometers which were thrown into more violent oscillation during the 
insufficiency and hence gave the erroneous impression of a great 
increase in pressure. 

Two mechanisms may operate to prevent any extreme increase 
in left auricular pressure such as occurs in artificial circulation 
experiments in similar leaks. In the first place, the rise in left 
auricular pressure increases the effective initial pressure in the 
ventricle which responds immediately with a greater output. In 
the second place, it is possible that the greater distention of the left 
ventricle may crowd the interventricular septum to the right and 
so encroach upon the right ventricle and reduce the output (Prince 
and Henderson). It is clear that this question demands further 
investigation, not only because of its scientific aspects, but also 
because of its practical bearing on the question, as to whether 
valvular insufficiency per se can cause a pulmonary congestion and 
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back pressure into the right ventricle and veins as is commonly 
taught. Mackenzie points out in his convincing way that the 
so-called "back-pressure theory" receives little support from a 
careful study of any progressive case of valvular lesion. He 
believes that a back-pressure occurs only when myocardial insuf- 
ficiency supervenes. 

Clinical Manifestations. — The symptoms and signs of mitral 
insufficiency depend, to a considerable degree, on the condition of 
the heart muscliC. They may be grouped into compensated and 
decompensated cases. 

In compensated lesions, as those produced in animals, the circula- 
tion is not greatly embarrassed. In the mildest cases, the only 
symptom that is noted is a shortness of breath when attempting 
tasks that formerly caused no respiratory distress. As time 
passes, the signs rather than the symptoms alter. The cheeks 
become pink, flushed, or sometimes even purple. The smaller 
venules are . enlarged. This rosy appearance and bright eyes 
(mitral facies) give the patient, as viewed by the popular eye, the 
appearance of excellent health. The radial pulse is often small but 
shows no important changes from the normal. As long as compen- 
sation is good, it remains regular except for an occasional premature 
systole. The apex tracings show nothing characteristic. The 
waves may be positive or negative, but no importance can be 
attributed to a negative record. 

It was hoped by clinicians that the registration of esophageal 
curves might establish the existence of a regurgitant wave into the 
left auricle. The method is, however, an inconvenient one and the 
curves thus obtained cannot with certainty be interpreted as 
showing such a regurgitation (Young, Hewlett, Edens). 

The systolic and diastolic pressures are not greatly affected 
(Norris). Occasionally the systolic pressure is lower and the pulse 
pressure smaller which seems to be particularly the case when the 
heart is rapid. 

On examination, the apex is found displaced to the left and may 
reach the anterior axillary line in the fifth I. C. S. A systolic 
thrill is sometimes felt. On percussion, the dulness proves to be 
increased transversely toward the left axilla. The orthodiagram 
shows a smooth circular enlargement to the left. 

Uncompensated or Decompensated Lesions. — If, for any reason, 
the ventricle does not augment its output and so compensate for 
the deleterious effects of valvular lesions; or, if compensation once 
developed fails, due to dilatation, the symptoms and signs alter. 
This is because the blood accumulates in the left auricle and pul- 
monary circuit, and, if the right ventricle similarly fails to perform 
its function and dilates, a relative tricuspid insufficiency is added. 
Such cases suffer, therefore, from intense dyspnea, due, perhaps. 
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in part, to the pulmonary congestion and, in part, to the diminished 
blood supply to the medulla. The pulmonary congestion, further- 
more, gives rise to a chronic bronchitis in which bloody sputum is 
raised in coughing paroxysms. The dilatation of the ventricles 
often manifests itself by pain over the cardiac region. To these 
symptoms may be added all those already described as characteristic 
of tricuspid insufficiency. 

On auscultation, a systolic murmur obscuring or obliterating the 
first sound is heard loudest or exclusively at the apex. It is trans- 
mitted toward the axilla and, in children, to the back. Its quality 
is apparently quite variable. Its greater intensity at the apex has 
been attributed to the fact that the vibrations are conducted by the 
anterior papillary muscle to the ventricular apex, thus forming the 




Fig. 90. — Phonocardiogram from case of mitral regurgitation. SM, systolic 
murmur; 1, 2, heart sounds. (After Lewis.) 



closest solid conduction to the chest wall. The murmur accompany- 
ing this lesion seems difficult to record (Joachim, Lewis). In the 
tracings successfully taken with the string galvanometer, it is 
indicated either as small vibrations superimposed on those due 
to the first sound, or occurring after the sound. In the latter case, 
it has a frequency of 112 to 140 per minute (Lewis) (Fig. 90). 
Gerhartz has given the murmur a duration of 0.45 seconds when it 
replaces the first sound. 

Percussion shows that the dulness now extends, not only to the 
left, but also to the right of the sternum. The orthodiagram shows 
a uniform enlargement making the shadow appear like a poorly 
rounded circle, as shown in Fig. 91. The right auricular border is 
distinctly enlarged to the right and the pulmonary artery dilated. 
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The second pulmonic sound is accentuated but the proof that this 
exemphfies a high pressure in the pulmonary artery is by no means 
established {cf. Lewis). 

During extreme dilatation the auricles may give extra-contractions 
or go into fibrillation giving rise to an absolutely irregular arterial 
pulse. For the details of its interpretation by the aid of the supra- 
clavicular venous pulse and electrocardiogram, other chapters must 
be consulted. The electrocardiogram is of additional value, how- 
ever, in showing the existence of a right-sided hypertrophy, since 
the R wave in lead I is directed downward instead of upward, as is 
normally the case (Fig. 87, A). 

The arterial pulse waves are not only irregular, but also unequal 
in height in such cases. The systolic and diastolic pressures are 
therefore constantly varying and it becomes difficult, if not 




Fig. 91. — Orthodiagram in mitral insufficiency. (After Claytor and Merrill.) 

impossible, to determine them even approximately. The method 
proposed by James and Hart may then be utilized or the extremes 
of systolic and diastolic pressures stated (cf. page 216). 



MITRAL STENOSIS. 

Hemodynamics. — It has long been recognized (Vieussens, 1715) 
that a narrowing of the mitral orifice increases the resistance to 
the flow from the auricle to the ventricle, thereby limiting the filling 
and reducing the output. These facts can readily be demonstrated 
by an adequate artificial circulation machine. After the production 
of a stenosis the mean venous pressure rises, the mean arterial 
pressure falls, and the amplitude of the pulse wave is reduced 
(Fig. 89). It can further be shown that, if the stroke is artifidiaJly 
increased, no material changes are effected. "• '= 

Animal experiments have corroborated these findings. If the- 
condition is simulated by tightening a ligature placed around the 
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auriculo-ventricular ring, or invaginating the auricle into the 
ventricle with one's finger, or by inserting a small inflated balloon, 
similar changes occur. The mean arterial pressure falls while 
the left auricular and pulmonary pressures rise definitely (jMac- 
Callum and McClure). It has been sought to determine, experi- 
mentally, the exact effect of stenosis on ventricular filling, by 
applying a cardiometer to the two ventricles (Hirschf elder). The 
conclusions and schematic diagrams probably represent essentially 
the changes in filling that actually take place. Thus, with mild 
stenosis, the inflow during active diastole is slower but is com- 
pensated, to some extent, by the more vigorous impact of auricular 
systole. In more severe lesions the fiUing occurs very slowly 
during the entire period of diastole and the total inflow and, con- 
sequently, the output during the next systole are reduced. The 
records published can scarcely be accepted as experimental evidence 
of these conclusions, however, nor is it probable that the volume 
changes of the left ventricle can be accurately deduced from volume 
changes of both ventricles when their action differs. These con- 
clusions may therefore be accepted as theoretical or probable rather 
than as experimentally demonstrated. 

The increase in pressure within the pulmonary artery is commonly 
supposed to augment the pressures within the right ventricle, to 
cause its distention and, if it becomes great enough to produce a 
dilatation of the tricuspid ring and so bring about a regurgitation. 
Under these conditions only is the venous pressure raised (Korn- 
feld), otherwise it falls due to the lower arterial pressure. The 
total quantity of blood within the lungs is apparently increased 
more than in mitral stenosis but the minute flow and velocity of 
flow are reduced. 

Clinical Manifestations. — ^The symptoms due to mitral stenosis 
are caused by the pulmonary congestion, dilatation of the ventricle 
and often relative tricuspid insufficiency. They therefore resemble 
those already described in mitral insufficiency plus, in later stages, 
those characteristic of tricuspid regurgitation. They make their 
appearance relatively early in the disease owing to the fact that the 
lesion cannot be so effectively compensated by increased muscular 
action. 

Percussion shows a slight increase in cardiac dulness to the left, 
especially upward. In x-ray plates and orthodiagrams, the heart 
shadow resembles an oval with a vertical axis (Fig. 92). The 
enlarged left auricle is prominent on the left margin and in severe 
cases the pulmonary shadow bulges giving the entire left border a 
step-like contour. 

On palpation at the apex, a rough presystolic thrill terminating 
in a sharp systolic shock is felt. This sign is so characteristic 
that a diagnosis may in some cases be made from it alone. This 
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palpable thrill and shock correspond in time and are probably 
due to the same factors that produce the audible presystolic rumble 
which increases in intensity and terminates in the snapping first 




Fig. 92.- 



-Mitral stenosis after prolonged loss of compensation. (Claytor and 
Merrill.) 



sound. The presystolic murmur which is recorded relatively easily 
by the string galvanometer has a higher frequency, 41-107 per 
second, than those making up the first sound and the amplitude 
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Pig. 93. — Electrocardiogram and phonocardiogram in mitral stenosis, showing 
notched f-wave and presystolic murmur. (After Lewis.) 



of its vibrations is larger (Fig. 93). Comparisons with the waves 
of the electrocardiogram show that it extends during the interval 
covered by the P and T waves but it may begin before the P wave 
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starts. Indeed, the murmur may occur in the records during the 
entire period of diastole. According to Lewis, the duration of the 
murmur before ventricular systole is determined by the degree of 
stenosis. If this is slight and the rhythm regular, a presystolic 
murmur alone is present. If the stenosis is moderate, an early 
diastolic murmur separated from the next presystolic murmur also 
occurs due to the inrush of blood to the relaxing ventricle. If 
stenosis is extreme and especially if the heart is rapid, the entire 
period of diastole is filled with murmurs which pass into the period 
of presystole. 

The characteristic signs revealed by palpation and auscultation 
change when compensation fails. When auricular contraction 
becomes weak, the presystolic murmur and thrill may disappear 
and the systolic shock alone remain. When auricular fibrillation 
supervenes and auricular contraction is absent, the presystolic 
murmur, strictly speaking, disappears (Mackenzie), or better stated, 
perhaps, no murmur precedes the first heart sound when the rest 
of diastole is free from murmurs (Lewis). Diastolic murmurs are 
frequently present during a portion or throughout diastole (Fig. 
84). Owing to the varying length of diastole, the character of 
these murmurs changes from beat to beat. The shorter cycles 
may be filled with murmurs; while in long cycles they often occur 
only in the early portion. These murmurs are distinguished from 
the diastolic murmurs due to aortic insufficiency by their slower 
frequency (lower pitch) and the fact that a short interval exists 
between the second sound and the murmur in mitral stenosis 
(Lewis). 

When auricular fibrillation develops, the arterial pulse is extremely 
irregular and the beats vary in amplitude. The temporal changes 
of the venous pulse and electrocardiogram accompanying this 
condition have been analyzed elsewhere. "^ The electrocardiogram, 
it may be mentioned, shows typical changes in form in mitral 
stenosis before disturbances in rhythm occur. The P wave is 
frequently several times as large as normal,^ often it is prolonged 
and has a flattened or bifurcated top,' signs of a left auricular hyper- 
trophy. The hypertrophy of the right ventricle accompanying 
such cases is indicated by the direction of the electrocardiogram 
waves. The R wave is normally directed upward in all three leads; 
whereas, in mitral stenosis, Ri is directed downward, while the R 
wave of lead II is smaller than that of lead ///. This may be of 
value in differentiating it from those cases in which a diastolic as 
well as a presystolic murmur occurs from aortic insufficiency for 
a Flint murmur, in the latter condition is accompanied by a left- 
sided hypertrophy (Lewis). 

1 Cf. page 293. ^ Cf. Fig. 87 A, lead II. ' Cf. Fig. 93. 

21 
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AORTIC STENOSIS. 

Aortic stenosis may exist as a simple lesion when the cusps 
undergo atheromatous degeneration but retain sufficient flexibility 
to close during diastole. AYhen the entire valves are involved, in 
the sclerotic process, however, or their edges fused a certain degree 
of insufficiency is associated with the stenosis. This combination 
is not uncommon (40 per cent., Hirschf elder) . 

Hemodynamics. — Stenosis ])roduced in an artificial circulation 
apparatus causes a marked elevation of intraventricular pressure 
during systole while both systolic and diastolic pressures fall in the 
arterial system. The pulse wave recorded from the rubber tube 
furthermore shows a characteristic slow ascent and a rounded t(jp 
(Fig. 89) which persist after compensation. The changes in 
animal experiments are apparently similar (Luderitz, de Ileer). 
The pressure within the ventricle rises steeper during the isometric 
period and the ejection begins at a higher pressure level. The 
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Fio. 94. — Intravciifricular pressure curves in different degree.s of aortic stenosis. 

(After de Heer.) 



duration of this period, however, remains unchanged (Fig. 94). 
The intraventricular pressure rises to a very great height when the 
stenosis is severe. In mild cases, the rise may not much exceed the 
normal (de Heer). It appears from these observations that a 
considerable narrowing must occur before the resistance increase 
at all compares to the total resistance normally oifered by the 
blood. The period of ejection is, however, prolonged and in this 
way a fairly normal quantity of blood is ejected. According to 
de Heer, the stenosis may be extremely great before the volume 
cur\-e shows any appreciable reduction in output or a fall of mean 
blood-pressure exceeding l(J-.30 per cent. Apparently the pro- 
longation of systole is of a protective nature to the conservation 
of arterial pressure. The contour of the pressure curve in the 
aorta shows essentially the same features as in artificial circulation 
experiments. 

As long as systemic arterial pressure is sustained, the pulmonary 
arterial pressure is unafl'ected, but, as soon as the former falls, 
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the latter rises (MacCallum). This takes place in spite of a. fall 
in venous pressure and in spite of a reduced output from the right 
heart, hence it must be referred to a backing up of blood into the 
pulmonary circuit. To what extent this is due to the mechanical 
back-pressure effect of valve stenosis, and, to what extent to 
dilatation and failure of the ventricle have not been clearly 
separated. 

Clinical Manifestations. — The earliest subjective symptoms are 
probably those arising from increased intraventricular tension and 
perhaps the impeded blood flow through the heart. They consist 
of palpitation, a sense of constriction, substernal pain or anginal 
attacks at first recurring only after excitement or exercise, but later 
being present without apparent exciting cause. Still later when the 
right ventricle dilates, symptoms due to pulmonary engorgement 
and often tricuspid insufficiency supervene. Upon inspection, 
the apex beat may not be visible or there may be a slow, heaving 
impulse. The dulness is enlarged to the left and downward. 
Orthodiograms show an enlargement of the heart shadow to the left. 
The lower portion gives the appearance of a horizontal oval above 
which the shadows of the pulmonary artery and aorta are visible. 
The shadow, though, as a rule, smaller, resembles in shape that of 
aortic insufficiency. The enlargement is evidently due to hyper- 
trophy of the left ventricle. In confirmation of this conclusion, it 
is found that the R wave of the electrocardiogram is directed down 
in lead III. 

Palpation often discovers an intense systolic thrill over the 
aortic region and a loud, rough, systolic murmur is also heard here. 
It is transmitted upward to the large vessels and may be regis- 
tered from the lower neck. On registration, it consists of a series 
of irregular vibrations occurring at the rate of about eighty per 
second, a diminuendo beginning a short interval after the first 
sound (Weiss and Joachim) {cf. also vibrations on subclavian pulse 
recorded by Frank's capsules, Fig. 97). 

The second sound is usually weak or may be entirely absent; 
while, if the valves fail to close, it may be replaced by a diastolic 
murmur. 

The radial pulse is usually small and its rise is slow. The tracings 
sometimes show an anacrotic limb and occasionally a pulse with 
a typical slow rise. It is questionable, however, whether reliable 
tracings of this condition have ever been reported (cf. page 118 for 
a discussion of this question). Whether a characteristic peripheral 
pulse is found with reliable apparatus must abide further investiga- 
tion. For, aside from the fact that these variations are imperfectly 
transmitted to the periphery, the condition is so frequently com- 
plicated by some degree of insufficiency or arteriosclerosis which 
serve to modify the form of the pulse. It is frequently arrhythmic; 
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premature systoles and pulsus alternans being the most frequent 
forms of irregularity. The electrocardiogram by its typical com- 
plexes indicates that the premature systoles usually arise in the 
left ventricle or auricle. 



AORTIC INSUFFICIENCY. 

Hemodynamics. — The dynamic effects of aortic regurgitation 
have been analyzed both in artificial circulation apparatus experi- 
ments (Marey, Moritz) and in animal experiments (Cohnheim, 
Rosenbach, Becker, de Jager, Kornfeld, Romberg and Hasenfeld, 
Stewart,! Zollinger). It can be. readily shown on an artificial 
circulation apparatus that the production of an aortic insuflSciency 
causes a fall of diastolic pressure in the artery, while the systolic 
pressure either falls slightly or remains unchanged.' The maximum 
pressure within the ventricle also falls slightly, but the diastolic 
pressure rises just before the next systole, although some discrep- 
ancies occur that can probably be attributed to experimental 
technic. Animal experiments have also shown that, after the 
production of a lesion, the systolic pressure remains unchanged or 
falls slightly, while the diastolic and consequently the mean press- 
ure fall greatly (Kornfeld, MacCallum, Stewart). Whenever 
these changes occur, the pressure curve in the arteries and also 
the pulse alters (cf. Fig. 95); its contour in that the amplitude 
becomes greater and the descending limb more rapid in its fall. 
This change has usually been attributed to the fact that a con- 
siderable quantity of blood regurgitates into the ventricle during 
diastole causing an augmented amount to be thrown out during 
the next systole. This suggestion was supported by the results 
of Kornfeld who found that the left auricular pressure often rose 
after the lesion, while the systemic pressure fell. Stewart, how- 
ever, pointed out that this could not be the correct explanation 
for: (1) the rapid fall always occurs before the dicrotic notch, and, 
hence, during ventricular systole; (2) no appreciable regurgitation 
is shown in the volume curves of the heart. He therefore explains 
the rapid drop as the effect of a reflex vasodilation, since, in the 
first place, this accounts for all the changes in pressure and pidse 
contour and, in the second, the normal contour returns in spite of 
the lesion when the peripheral vessels are constricted during aortic 
insufficiency, as by aortic compression, or the use of adrenalin. 
This conclusion, in turn, was not supported either by MacCallum 
or Hewlett, but neither of these investigators attempted to explain 
the results of Stewart. 

I 

I Cf. Fig. 89. 
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For these reasons, the writer has recently restudied the dynamics 
of this confhtion by recording simnltaneously the pressure changes 
ill the left ventricle and the subclavian artery,' This study was 
facilitated l)y the use of a method for producing a temporary 
insufficiency. In this manner, insufficiency and normal records 
can be taken alternately for comjjarison and the immediate effect 
(jf an insufficiency studied. When, by such a special prtjcedure, 
lesions are temporarily produced and normal relations reestablished, 
the changes in pressure take place within a single heart cycle, that 
is, in a time inter\-al far shorter than is necessary to cause a reflex 
vasomotor response. The changes produced in an efficiently- 
beating heart are shown in I-'ig. !).'). The normal intra\-entricular 
pressure cur\c shown in / has all tlie characteristics of the curves 
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Fk;. 9.5. — The subclavian and intravcntrirular pressuro rurves /. iionnal: //, 
after aortic- in.-iiitficicncj-. ( Destriptinn in text.) 

found in an efficiently contracting ventricle. It may be di\-ided 
into the isometric period iA-B), the ejection period [B-C), the 
prriod (if a(ti\c relaxation (C-I)) an<l the period of passi\e filling 
( D-A], that is, diastasis. The arterial curve contains all tlic details 
of the arterial pulse except that the preliminary oscillations are not 
so marked. The variations consist of the primary oscillations 
(1, 2, 3), the systolic summit (4), the incisura (5) with an after- 
vibration f(i), and the slow diastolic fall (7). After the production 
of an aortic insufficiency in curve // the following changes are 
oliscrvc(l: The initial ]^ressure in the ventricle (at A) is higher. 

1 A ilctailcd rc'iiort uf tlii> investigation will appear in tlic Areli. Inl. Mc.l.. 191,',; 
a preliininar\- rciiort can \«- fonD.I in Prnc. Sor. Biol, and Med., 1914, xl, .'..J. 
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The ejection begins earlier (at B) and the curve reaches a higher 
summit. This is probably in reaction to the greater initial distend- 
ing pressure. As a result of this more vigorous contraction and 
ejection, a larger quantity of blood is thrown out during the first 
half of systole resulting in several pronounced primary oscillations 
(2-3, 2'-3') in the arterial curve. The systolic summit (4) is 
sharper and the systolic fall and incisura (5) more rapid. Although 
the cycles are exactly the same length, the chief drop (7) responsible 
for the low diastolic pressure comes in diastole and not, as Stewart 
believed, in systole. Furthermore, on removing the insufficiency, 
the curves shown in / were reproduced within the time interval 
of a single beat. A careful consideration of these curves and others 
in the process of publication, indicates that the large wave and the 
extreme fall of arterial pressure cannot possibly be due to a per- 
ipheral dilatation of vessels. These changes must be attributed to a 
back leak of pressure into the ventricle, with or without an appre- 
ciable back-flow of blood. That this back-flow is very little, at 
least after the first beat following suddenly produced insufficiency, 
is indicated both by Stewart's cardiometer experiments and by 
the facts that the rate of ventricular relaxation is absolutely unal- 
tered (C-D) and that the pressure in the left auricle at the end of 
systole drops precisely as it did before the insufficiency occurred, t i 
showing that the normal influx of blood takes place. 

The general pressure in the left auricle and in the pulmonary 
circuit remains unchanged. It appears that even in the most 
sudden and the most marked lesion of the aortic valves, a normal 
volume of blood is ejected and no back pressure effect is produced as 
long as the ventricle does not fall below its normal condition. 

Clinical Manifestations. — As long as a deficiency in cardiac 
action does not exist, the chief symptoms are probably the result 
of variations in arterial pressure. The arterial throbbing in the 
neck, chest, and abdomen may be quite disturbing. Cerebral 
symptoms, headache, roaring in the ears, hallucinations of sight, 
hearing and smell are frequently present, but it seems never to 
have been shown whether they are the result of aortic insufficiency 
or of the same influence which is responsible for the insufficiency. 
The dull or anginoid pains over the heart and palpitation are 
probably due to the high pressures within the heart. 

When physiological compensation fails and pulmonary congestion 
sets in, dyspnea, cough, cardiac asthma, etc., occur. 

Patients with aortic insufficiency have a very characteristic 
appearance (aortic facies) which on casual inspection resembles 
somewhat that of exophthalmic goitre. The complexion is pale and 
sallow, the cheeks are sunken, the pupils dilated, and the palpebral 
fissures are wide. The peripheral vessels throb and a capillary 
pulse is often observed in the finger nails. 
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Upon examination, the apex beat is displaced downward and to 
the left, sometimes extending in the fifth or sixth interspace to the 
anterior axillary line. A heavy impulse is usually visible. A 
pulsation of the aorta may be visible in the second right interspace. 

Percussion shows, in cases of long standing, an immense increase 
in cardiac dulness, chiefly to the left and downward. The ortho- 
diagram shows an outline which, while resembling that of stenosis, 
is very much larger (Fig. 96). The lower portion is a horizontal 
oval while the entire figure is often described as shoe-shaped. 

On palpation, one or more thrills may be felt, but are neither 
constant nor diagnostic. They may be systolic, diastolic or pre- 
systolic in time. 

Auscultation of the cardiac base reveals a blowing, hissing or 
musical murmur, early in diastole, closely following or replacing the 
second sound. Its greatest intensity is over the sternum opposite 




Fig. 96. — Orthodiagram of aortic insufficiency. 



the third rib, or in the second right intercostal space. The first 
sound is sometimes clear and of a snapping quality but at others 
is replaced by a soft systolic murmur transmitted upward to the 
neck where it may be recorded (Fig. 97). A presystolic murmur 
(Flint) is generally present at the apex. Its cause is still in doubt 
and will probably remain so until actual experiments supplant 
theoretical speculation. Flint ascribed it to a functional stenosis 
produced when the mitral valves are floated into position by the 
marked regurgitation. 

The recorded aortic murmur varies with its auditory quality, 
the rough to-and-fro murmurs which are both systolic and diastolic 
in time are made up of vibrations having a frequency of eighty 
per second, and are crescendo in character. The musical murmurs 
are entirely diastolic, last, on an average, 0.24 second and are 
made up of uniform vibrations, recurring at the rate of 138 per 
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second (Lewis) (cf. Fig. 50). Their amplitude is larger than that 
of the first heart sound vibrations. The systoHc murmur associated 
with this lesion is particularly well transmitted to the neck and 
recorded as a series of superimposed vibrations of the central pulse. 
Records taken from two different cases in Bellevue Hospital with 
Frank's capsules are shown in Fig. 97. It is still questionable 
whether this murmur is associated with some complicating stenosis 
or is due to a mechanical vibration of the blood currents. 

In typical cases of aortic regurgitation, the radial pulse gives the 
palpating finger a sensation of sudden impact and rapid recoil, 
or collapse. It has therefore been termed, since its description 
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Fig. 97. — Radial pulse (iJ) and subclavian pulse (S) in two cases of aortic insuffi- 
ciency in which a "collapsing pulse" was diagnosed by palpation and the Jaoquet 
sphygmograph. Observe the vibrations due to the systolic murmur superimposed 
on the subclavian pulse. 

by Corrigan (1832) as a "collapsing pulse" or a "water-hammer 
pulse." Physicians have repeatedly been impressed by the fact, 
however, that when the palpating finger receives the sensation 
of a collapsing pulse, the sphygmogram often fails to corroborate it. 
This has frequently been ascribed to the mechanical errors of the 
sphygmographs employed and with great reason, for it is often 
possible to obtain for the same patient entirely different pulse forms 
by using different instruments or by merely different pressures in 
the same instrument. The pulses shown in Fig. 97 were obtained 
from cases in which the pulse was described as "collapsing" to the 
touch. The first two curves gave with the Jacquet a curve of large 



AOIiTlC ISSUFFICIENCY 329 

amplitude and collapsing character; the last showed no deviation 
from normals recorded with that instrument. Comparisons with 
the optical tracings of Fig. 97 show that none of the sph\"gmographs 
recorded the form correctly nor did the palpating finger appreciate 
the true character. The sharp primary oscillation (1, 2, '■!>) in left 
hand record of Fig. 97, apparently transmitted to the radial from 
the central pulse, gave the sensation of a sharp impact. A true 
collapsing pulse, on the other hand, is present in the second radial 
tracing. The collapsing tyjje of pulse is associated, as Hewlett and 
\'an Zwalueiiburg ha\e demonstrated by means of the pulse-flow 
curve, with an actual backward movement of blood from the arm, 
but whether this excess of flow is accommodated in the central 
arteries or actually regurgitates into the \-entricle docs not seem 
proven by their work. 



Flu. 9s. — Krl;uiizcl' siili\"<^in()ni;iiii>nicii-r trarin^j: IM'iu ca^r nf aollic in^iitlic'iM'A". 
Diastcjlic readinj^ about ■5S", .'^,^■ritlJli^, iiKlrhiiitc. 

Xearl\' all iii\'cstigat(ir> find that the sxstnlic ]jressurc is normal 
or high (lS()~2()(lj and tiie diastolic pressure low ((iO-MO) (Ihichard, 
Lian, Baj, Tausig and ("ook, etc.). It is questionable whether it 
is necessary to call in the ])resence of arteriosclerosis to e.\])lain 
the high systolic pressure. With the P^rlanger sphygmomanometer 
the change to smaller pulsations is usually sharp and distinct, 
permitting an accurate determination of diastolic pressure (Fig. 
98). In employing the auscultatory method, it is necessary to 
take the fourth phase as the criterion since the sounds do not 
entirely disa])])ear at \-er>' low pressures in the bag. 'J'his plan 
corresponds quite accurate!}' with tlie diniiuution in amplitufle of 
oscillations. In determining systolic pressure in cases in which a 
(•i>lla]jsing pulse is present difficulty is met in utilizing Frlanger's 
criterion, for the bases of waves do not se])arate as in a normal 
])ul.se (rf. Figs. 57, 5S, and 9S). The auscultatory or palpatory 
method nuist therefore be resorted to. 
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CHAPTER XXI. 

DISTURBANCES DUE TO CHANGES IN THE 
CIRCULATING VOLUME. 

PLETHORA. 

An increase in the total volume of circulating blood (plethora) 
may result either from an increase in the water constituents alone 
so that the volume per cent, of proteins and cellular elements is 
decreased (hydremic plethora) or from a proportionate increase 
in all the blood constituents (true plethora). 

Pathological Physiology. — The effects of introducing large quan- 
tities of saline intravenously have been carefully studied in 
laboratory experiments. Such experiments indicate that such 
introductions cause a very slight elevation of mean arterial pressure. 
Thus, Cohnheim and Lichtheim introduced a quantity of saline 
equal to 44 per cent, of the animal's weight, and Dastre and Loye 
increased the blood volume four-fold without any appreciable 
effect on arterial pressure. Similar observations have been 
repeatedly made. 

Johanson and Tigerstedt showed that both the systolic discharge 
and minute output were increased after venous infusion, and the 
writer has recently shown that such an increase is still possible when 
the effective venous pressure is raised far above normal, so that the 
results cannot be accounted for upon the assumption that the 
experiments were carried out under conditions in which abnormal 
venous pressures existed.^ 

It might be asked why this greater output does not increase the 
arterial pressure. In the first place, the statement that arterial 
pressiire is not affected is not strictly accurate. The systolic 
pressure is raised appreciably but the diastolic pressure remains 
unchanged or falls somewhat, thereby greatly increasing the pulse 
pressure. Hence, the mean pressure, as measured by the mercury 
manometer, indicates only a very inconsiderable rise or none at all. 
The rise of systolic pressure is clearly the effect of the greater 
systolic discharge. The fact that the diastolic pressure remains 
unaltered or drops can be accounted for only by a reduced peripheral 
resistance in which two factors, a reflex vaso-dilation (Sewall and 

^ The fact that the heart can react with a greater volume output after pressures 
greater than those regarded as critical by Henderson, has also been recently corrob- 
orated by Patterson and Starling. 
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Stenier) and a reduced viscosity of the blood, play a part. By 
these compensatory mechanisms the arterial pressure is prevented 
from mounting to an appreciable degree. 

If the infusion of saline is slow, the increased cardiac output 
effectively removes the surplus fluid from the veins and the venous 
pressure rises only slightly; but if the saline is introduced at a rapid 
rate, the venous pressure rises and the blood accumulates in the 
liver (Stolnikow). 

When the infusion is stopped, the excess of fluid is rapidly excreted 
by the glands of the digestive tract and by the kidney so that soon 
the volume of circulating blood returns to normal (see Tigerstedt). 
So, also, it has generally been thought that an osmotic hydremia 
induced, e. g., by intravenous injection of sugar, was only temporary, 
for, as water passed from the tissues to the blood, it was accompanied 
by an immediate increase in urinary secretion (Brasol, Starling). 
A restudy of the question on unanesthetized dogs and for shorter 
periods of time by Fisher and Wishart demonstrated that during 
the second hour after the alimentary ingestion of sugar, the 
hemoglobin fell 10-20 per cent., indicating a plethora, but this 
was accompanied by an actual diminution in urinary secretion. 
This observation goes far to show that a condition of plethora due 
to osmotic influences alone may be maintained even under physio- 
logical conditions. 

All of the above mentioned experiments are concerned with the 
establishment of a hydremic plethora. According to Plesch, how- 
ever, a true plethora may be induced in animals during experi- 
mental uranium nephritis. Here the blood volume may equal 16 
per cent, of the body weight instead of 5.4 per cent, as normally. 
This condition is invariably accompanied by a proportionate 
increase in red cells and hemoglobin as well as by marked cardiac 
hypertrophy. 

The dynamic effect of a true plethora on the blood-pressure and 
heart may be studied in an experiment by introducing blood from 
the artery of one animal into the vein of a second. When this is 
done the effect on the cardiac output and intraventricular tension 
resembles very much that of saline infusion, but both the systolic 
and diastolic pressures increase, owing probably to the fact that the 
viscosity of the blood is not reduced as it is in the case of saline 
infusion. It is evident that the condition of true plethora, on 
account of the rise of diastolic pressure, increases the load against 
which the heart has to work more than does hydremic plethora, 
and hence may be expected to lead to cardiac hypertrophy and 
dilatation sooner than the latter condition. 

Clinical Manifestations. — It has been long suspected and recently 
more certainly demonstrated by a gasometric estimation^ of the 

1 Cf. page 227. 
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ratio of blood volume to body weight that hydremic plethora 
is the accompaniment of certain functional disturbances. Appar- 
ently it occurs under three conditions: (1) when an excessive 
osmosis of fluid from the tissues without a corresponding increase 
in urinary secretion occurs; (2) when a deficient urinary secretion 
due to kidney disease exists; and (3) when an excessive absorption 
of fluid from the alimentary tract occurs. 

An excessive osmotic attraction for water may possibly explain 
the greater volume of blood supposed to be found in heavy and 
continuous eaters. It is possible, indeed, that in these cases, as 
indicated by the experiments of Fischer and Wishart, the blood is 
continually surcharged with products of digestion exerting a high 
osmotic tension without inducing a corresponding urinary secretion. 
It has been questioned whether the lower capillary pressure in 
cases of cardiac decompensation may not favor a passage of fluid 
to the blood stream and so cause a condition of plethora. The 
fact that the specific gravity of the blood is reduced favors the view 
that such a hydremic plethora exists, but Starling and Fawcett 
who showed that the hemoglobin and red cells are actually reduced 
believe that this alone may account for the lower specific gravity 
without the assumption of plethora. 

In nephritis, when albumin is eliminated and the excretion of 
water is interfered with, Plesch found that the blood volume equaled 
10.8 per cent, of the body weight, as compared with the normal 
average of 5.3 per cent., when edema was not present. 

The third cause of plethora, i. e., increased absorption of fluid 
from the alimentary tract, an absorption in excess of the excretion, 
may be responsible for the plethora supposed to be present in 
excessive beer drinkers. 

The clinical manifestations of hydremic plethora are not always 
definite and the diagnosis cannot be made from appearance alone, 
the so-called "plethoric habit" being no criterion of the circulation 
volume. It is generally assumed, however, that hydremic plethora 
exists when corpulence, ruddy complexion, full and dilated super- 
ficial vessels are associated with an enlarged heart, a pulse of large 
amplitude, and some elevation of systolic pressure. The reliability 
of this assumption is undoubtedly increased when the history of 
the patient indicates an excessive consumption of fluid, or when 
evidences of nephritis exist. 

The diagnosis can be definitely settled only when the actual 
relation of blood volume to body weight is determined, as by the 
gasometric method (Haldane and Smith, Plesch). This involves a 
knowledge of the relation of these factors under normal conditions. 

It is generally stated after Welcker that the blood volume is 
equal to one thirteenth (7.6 per cent.) of the body weight. It 
appears, however, upon more recent investigation that the normal 
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blood volume equals more nearly one nineteenth or (5.3 per cent.) 
of the body weight, and that the hemoglobin equals 0.7 per cent, 
of the body weight (Plesch). In chlorosis, posthemorrhagic anemias 
and nephritis, the volume has been found to increase in proportion 
to the body weight. In chlorosis. Smith found that in cases having 
less than 50 per cent, hemoglobin, the blood volume equaled 6.4 
per cent. Plesch has corroborated his results. After hemorrhage 
the increase is not- great and is sometimes not present at all. It 
also varies with the interval elapsing after the hemorrhage before 
the results are obtained. In nephritis, the highest volumes are 
obtained, Plesch having reported cases in which the blood volume 
varied from 7.87 per cent, to 10.8 per cent, of the body weight. 

It still remains undetermined whether a condition of true plethora, 
i. e., one in which hyperglobinemia and normal specific gravity are 
associated with an increased blood volume, occurs. Plesch found 
such a condition in experimental uranium nephritis in dogs, but, 
so far as the author is aware, it has never been satisfactorily 
demonstrated in man. 

OLIGEMIA. 

Acute Oligemia and Toxemic Shock. — Oligemia is a condition 
in which the volume of circulating fluids is diminished. It occurs 
acutely during a progressive hemorrhage and at times when water 
is rapidly abstracted from the blood by osmotic or secretory 
influences. The abstraction of water during serious diarrhea has 
long been recognized. Rogers recently showed that in cholera 
64 per cent, of the blood serum may be lost. A concentration of 
blood has also been found in pneumonia (Sandelowsky) and in 
scarlet fever (Oppenheimer and Reiss). Such a concentration of 
blood and reduction in volume also seems to accompany traumatic 
shock (Sherrington and Coperan, Lyon, Henderson), and, accord- 
ing to Henderson, is largely responsible for the changes in the 
circulation in toxemic as well as traumatic shock. 

Pathological Physiology. — When the volume of circulating blood 
is so far reduced that the increased respiration and possibly the 
venomotor control is unable to maintain a normal effective venous 
pressure in the right auricle, it usually happens that the effective 
pressure in the left auricle also falls to some extent. In conse- 
quence the output of the left heart diminishes and tends to lower 
the arterial pressure. Such a tendency usually prevails, although 
counteracted by a reflex peripheral constriction. Hence, both 
systolic and diastolic pressures are low and the pulse pressure 
becomes smaller. 

Clinical Manifestation. — ^The symptoms and an analysis of the 
blood concentration both indicate that acute oligemia is the direct 
cause of death in many cases of toxemic shock (Henderson). The 
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pulse is rapid and feeble and the heart sounds are weak thus suggest- 
ing "acute heart failure." These signs occur not because the 
myocardium is primarily affected but because it is unable to main- 
tain a sufficient discharge. Saline infusions are of only temporary 
benefit, as a rule, for the same factors which are responsible for the 
original withdrawal of fluid from the blood probably continue to 
eliminate the fluid injected. 

According to the experiments of Romberg and Passler, circulatory 
failure in these conditions is partly, at least, due to failure of the 
vasomotor centre and the onset of peripheral dilatation. They 
showed, for example, that the reflex rise or fall of blood-pressure 
obtained upon stimulation of an afferent nerve is not as great as 
normally obtained in animals affected by pneumonia or diphtheria; 
but the researches of Porter and his pupils have recently shown that 
the percentile rise of blood-pressure, which is the true criterion 
of vasomotor centre action, is not impaired up to and even 
immediately after death. Experimental evidence, therefore, indi- 
cates that circulatory failure in toxemic shock is due neither to a 
direct toxic action on the heart nor to a vasomotor paralysis, but 
to an acute oligemia. 

SHOCK AND HEMORRHAGE. 

Traumatic and Surgical Shock. — "Shock" may be defined as a 
functional disturbance of the circulation which follows severe 
trauma or surgical operation and which progresses into a severe 
condition, or even results in death. Upon postmortem examina- 
tion, no pathological changes can be discerned to account for it. 

Clinical Manifestations. — ^When an individual is injured, as by 
extensive burns, fractures, mutilations, concussions, etc., the period 
of extreme pain and hyperexcitability is followed frequently by 
one of apathy, reduced sensibility, motor weakness, rapid, weak 
pulse, and irregular gasping respirations. To this symptom-complex 
the term "traumatic shock" is given. It follows more easily after 
injuries to the brain, testicles and abdomen than after those of 
other organs. A condition resembling traumatic shock in every 
way often supervenes after surgical operations and it is this surgical 
shock which is responsible for the failure to recover in many surgical 
procedures. It is therefore not surprising that a large amount of 
energy has been directed toward discovering the nature and cause 
of surgical and traumatic shock. 

Although, as Meltzer points out, clinical shock involves the 
functions of many systems, the failure of the circulation is of the 
greatest interest, since upon it depends the continuance of life. 

Experimental Physiology. — It is impossible at the present day to 
reach any conclusion as to the nature and cause of shock by review- 
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ing the work of any single, or, in fact, that of any group of investi- 
gators. The only, logical method is to review first the circulatory 
conditions as they exist in shock and then the theories devised to 
explain them. 

Changes in the Circulation during Shock. — We may inquire first 
what changes occur in the circulation during shock experimentally 
produced. First in importance is the low blood-pressure. The 
experiments of Crile indicate that cutting, tearing, burning or 
mutilating peripheral parts of the body, as the arms and legs 
cause a great elevation of blood-pressure, while crushing, cutting of 
the testicle, opening the abdomen, handling the intestines, etc., 
usually cause a fall. Stimulation of peripheral nerves causes at 
first a rise of blood-pressure followed by a fall. 

It has been quite generally assumed from the signs present 
that the heart suffers directly during shock so that its contractions 
are feeble and its output small. It was also believed that this 
progressive weakening was the cause of death. Crile, however, 
has shown that the heart is not fundamentally injured, for if saline 
is injected or the abdominal vessels compressed by a pneumatic 
bag, the heart is capable of resisting an elevated pressure. The 
condition of the heart in shock was more directly studied by Howell, 
who found that in a certain share of cases it alone suffered, while 
in others the peripheral circulation was also disturbed. The 
changes in the heart consisted in an increase in rate, and a decrease 
in aihplitude. 

The cardiometer experiments of Henderson practically cor- 
roborated these findings and indicated, in addition, that the chief 
cause of the reduced output lay in an incomplete diastolic relaxation, 
which, in turn, was brought on by a decreased auricular pressure. 

To summarize, there is practically no difference of opinion as 
to what the circulatory changes are in shock: The " effective right 
auricular pressure" is low, the ventricular filling is diminished, the 
ventricular relaxation incomplete, and the output per beat con- 
sequently small. The heart rate is rapid but the minute volume is 
diminished. The arterial blood-pressure is low and the peripheral 
flow is slowed. 

The main contention in accounting for these circulatory changes, 
it appears, centres around the questions: "Is the peripheral circula- 
tion primarily altered and responsible for the secondary changes in 
the cardiac output?" "If so, through what mechanism is the 
peripheral change brought about?" or "Is the change in the output 
of the heart primarily responsible for the lower arterial pressure?" 

It is conceivable that a progressive vasodilation due to a failure, 
depression or inhibition of the vasomotor centre occurs, which, 
like cutting the splanchnic or stimulating the depressor, so increases 
the capacity of the abdominal and portal vessels that a large quan- 
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tity of the circulating blood stagnates. In consequence of this the 
return flow to the heart and its output would be secondarily reduced. 
The experiments of Porter, however, indicate that such a failure 
of the vasomotor centre does not occur in shock and hence cannot 
be the primary cause of the low pressure. The writer (in unreported 
experiments) has sought to solve the question by simultaneously 
recording the right auricular pressure and the flow of perfused 
fluid through a kidney left attached to the central nervous system, 
after the method suggested by Sollman and Pilcher. When shock 
supervened due to handling the intestines, the right auricular and 
arterial pressures both fell, while after a considerable interval 
(40-80 seconds) the vessels of the kidney constricted, as evidenced 
by the decreased flow. Using a similar method, Morrison and 
Hooker have very recently reached the same conclusion in regard 
to the vessels of the kidney, intestines, and limbs. A similar con- 
striction in the limb vessels has been reported by a number of 
observers (Seelig and Lyon, Mann, Muns). 

It would seem, therefore, that dilation of the arterioles is respon- 
sible neither for the decreased return of blood to the heart nor for 
the fall of arterial pressure. 

It is conceivable, also, that the stagnation of blood occurs from 
a loss of venous tonus or support due to some local influence. 
Thus, Henderson found that the loss of CO2 in the blood (acapnia) 
is associated with extreme congestion of the intestinal areas and 
with an inhibition of movements and a relaxation of the non-striated 
muscles of the intestines. He, therefore, suggested that the sup- 
port offered by the non-striated muscles in tonus is removed in 
acapnia and that stagnation is thus brought about. Hooker's 
experiments made on strip preparations indicate, however, that the 
presence of CO2 and not its absence relaxes vascular and rhythmic- 
ally-acting non-striated muscle, and Janeway and Ewing obtained 
abdominal congestion and shock upon handling the intestines when 
the CO2 content of the blood was, by special means, not appreciably 
reduced. The latter investigators suggest, as an explanation, that 
a local paralysis of the vessels and intestines occurs which accounts 
for the stasis. The recent experiments of Morrison and Hooker seem 
to indicate that the vascular stasis and increase in weight occurring 
in intestinal loops is due to a reduction of venous tonus. 

The results of Lyon indicate, however, that an actual accumula- 
tion of blood, such as is generally accredited to the splanchnic areas 
does not take place in the abdominal organs. If these findings can 
be corroborated it will be unnecessary to evolve further hypothe- 
ses concerning the stasis of blood in the splanchnic area and the 
reduced flow to the heart must be attributed to an oligemia. 

The manner in which such an oligemia can arise in traumatic or 
surgical shock forms a separate and distinct chapter of the subject. 
22 
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Apparently two views have been suggested. Malcolm believes 
that the fluid is mechanically pressed out of the smaller vessels 
when they constrict due to intense pain. Henderson has assigned 
to CO2 the role of maintaining the normal fluid volume of the 
blood. He pictures the following series of events as initiating 
circulatory failure: After trauma, pain causes deep and rapid 
respiration and so eliminates an excessive quantity of CO2 from the 
blood. During the administration of anesthetics a similar process 
occurs. To this must be added, in abdominal operation, the 
direct and rapid loss of CO2 from the intestinal and mesenteric 
surfaces. In these ways a state of CO2 deficiency, or acapnia, 
results. A reduced CO2 content of the blood causes a greater 
passage of CO2 from the tissues. For every CO2 ion passing, two 
CI ions migrate to the tissue spaces and in this way increase the 
osmotic attraction for water and induce the oligemia. 

Hemorrhage. — Pathological Physiology. — The moment that an 
artery of considerable size ruptures, the total resistance against 
which blood is discharged is reduced. Consequently, a fall in 
diastolic pressure results. The systolic pressure also decreases 
though not to the same extent as the diastolic. Hence the pulse 
pressure increases. The amplitude of the pulse, which is determined 
by the pulse pressure, accordingly becomes large and the shape of 
the peripheral pulse, which is determined by the low resistance, 
assumes the collapsing form. 

While the left heart is thus still maintaining fully a normal 
discharge and the pulse pressure is greater, the peripheral flow of 
blood into the veins is almost immediately reduced. The right 
auricular pressure is not immediately affected, probably because 
the reduced volume of venous blood from one region is compensated 
by an increased flow from another. When the luxus blood-content 
of the veins has become somewhat reduced, however, this balance 
of venous flow is lost and the "effective right auricular pressure" 
is decreased. Almost simultaneously the volume curve of the 
entire heart diminishes in amplitude (Fig. 14), pulmonary arterial 
and left auricular pressures fall and the systolic pressure becomes 
rapidly smaller until the pulse pressure is less than normal. 

The flow through the organs of the body is slowed and the centres 
in the medulla are stimulated by the reduced blood flow. While 
these dynamic changes are taking place, a series of important 
chemical alterations occur in the blood. The loss of red blood 
cells from the circulation and the consequent reduction of the 
oxygen-carrying power, aided by the slowed circulation in the 
peripheral capillaries lead, first, to a decrease in the volume per cent, 
of oxygen in the venous and later in the arterial blood, while in 
neither is the percentage of carbon dioxide materially altered. 

This reduction in the oxygen percentage of arterial blood operates 
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with the reduced flow to increase the activity of the respiratory 
centre. At first, the respirations increase in rate and depth, 
giving rise, for a considerable interval, to hyperpnea. The greater 
depth and rate of respirations thus instituted cause a better average 
pressure in both auricles and, to judge from the ^'ariations in pulse 
pressure, a greater average discharge of the left ventricle. 

The altered circulation through the medulla affects also the 
cardio-inhibitory and vasomotor centres. A depression of the cardio- 
inhibitory centre causes an acceleration of the heart but this is 
not equally pronounced in all cases, depending on the initial tonus 
of the cardio-inhibitory centre, and on the average rate of blood 
loss. Stimulation of the vasomotor centre causes an increased 
contraction of the peripheral bloodvessels during hemorrhage. 

Such a tendency to increase the total resistance by constriction 
is antagonized by the reduction in the viscosity of the blood. Cope 
has shown that, in spite of this, the total resistance remains much 
increased. Little more than inference seems to support the com- 
monly held idea that the arterial walls contract through vasomotor 
influence and thus adapt their caliber to the reduced volume of 
blood. The demonstration of such an arteriomotor reaction by 
faultless methods would be of the greatest importance. The 
accommodative diminution in the larger arteries is more probably 
due to an elastic recoil of the vessels, which is even more favorable, 
for while the vessels draw together when the pressure lowers, no 
increased resistance to the flow results, such as would be induced 
to a general vasoconstriction. 

To sum up, the fall of arterial pressures is counteracted by the 
augmented breathing, an accelerated heart, an accommodative 
contraction of the larger vessels and by a peripheral constriction 
leading to an increased resistance and diminished blood flow in 
spite of the reduction in viscosity. 

The Mechanism of Hemorrhage Cessation. — Every hemorrhage, 
except one coming from a ver\' large vessel, has a natural tendency 
to be checked long before the loss of blood becomes dangerous. 
The duration of bleeding depends, not so much on the size of the 
vessel wounded as on the facility with which an efficient clot forms 
over the opening. When blood is shed, it begins to coagulate on 
the tissues at a distance from the opening. Having formed a 
point of adhesion to the tissues, it is added to by accretion until 
it reaches and covers the wound. The factors which determine 
the distance of the first clot formation and its development are, 
therefore, directly concerned with the duration of the hemorrhage. 
They may be enumerated as follows : 

1. Other factors being equal, the pressure at the arterial opening 
determines the distance that the blood will be ejected before the 
force is sufficiently spent to permit the coagulum to form. A clot 
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once formed is called on to resist, not the mean, but the maximal 
pressure that exists in the artery. 

2. The surface on which blood is shed determines the extent 
of its spread. Thus the smooth surface upon which the intestinal 
and uterine vessels rupture compares unfavorably with the reticular 
lung parenchyma and subcutaneous connective tissue. So, also, 
the spread may be limited by an ulceration or an excavation. 

3. The formation of clots may be retarded or prevented by muscu- 
lar contractions of organs. The regular cardiac contraction, as a 
rule, absolutely prevents the formation of clots over wounds of the 
heart and forms the only serious element in such wounds. The 
rhythmic peristalsis of the stomach and intestines is very unfavor- 
able to clot formation. 

Events Following the Cessation of Hemorrhage. — ^When hemorrhage 
terminates favorably by coagulation, the volume of blood returned 
to the right auricle increases with surprising rapidity. This is 
shown by the ventricular volume curves as well as by the increase 
in venous pressure quickly following the cessation of hemorrhage. 
The immediate cause of this increase is probably found in the 
prompt rise of arterial pressure following clot formation or the 
application of a hemostat together with the rapid absorption of 
lymph to replete the blood volume. This dilution of the blood 
decreases the number of red cells and diminishes the percentage of 
hemoglobin (Dawson), thus explaining the posthemorrhagic decrease 
in both for several days. 

In consequence of the better venous supply and greater output 
of both ventricles, the pulse pressure increases, for there is little 
alteration in the peripheral resistance and the increase in the 
volume elasticity coefficient remains almost a negligible factor. 
Both systolic and diastolic pressures gradually rise, owing to the 
augmented cardiac output. The assumption is generally made 
that this post-hemorrhagic increase in mean pressure is further 
assisted by an additional vasoconstriction; indeed, this is often 
quoted as the chief or only cause for the pressure recovery. All 
experimental observations indicate, however, that vasoconstriction 
is a gradual process, starting while hemorrhage is still in progress 
and continuing after its cessation. Neither experiments nor a 
priori reasoning, however, warrant the assumption that a greater 
vasomotor reaction after hemorrhage is at all likely to occur, nor 
is such an assumption necessary to explain this secondary 
rise. 

The rise of arterial pressure, together with the continued dilution 
of the blood, tends to increase the flow both in the peripheral 
tissues and in the medulla. The overstimulation of the respiratory 
centre gradually ceases and the respirations become normal again. 
The heart continues rapid, however, and the peripheral vessels 
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remain contracted until sufficient regeneration of the red blood 
cells has taken place to reestablish normal conditions. 

Events in the Terminal Stages. — If coagulation fails to occur, the 
time soon comes when the reduction in blood volume exceeds the 
possibilities of lymph absorption to such an extent that the mechan- 
ical function of the circulation cannot be efficiently carried out. 
The amplitude of cardiac contraction then decreases, largely 
because fluid is lacking to feed the pump. 

The lack of oxygen in the blood soon changes the previous 
stimulation of the respiratory centre to a depression. Slow and 
shallow breathing, occasionally marked by a deeper gasp, leads to 
complete cessation. The "pressor influence" of augmented breath- 
ing is removed and the blood-pressure falls rapidly. Asphyxial 
changes in the circulation terminate the case. The heart-beats 
are slow but of great amplitude and vigor, thus making a last 
attempt to elevate the pressure, which is partly successful but soon 
fails for want of oxygen. 

Clinical Manifestations. — From a clinical point of \-iew hemor- 
rhages may be classified as accessible and inaccessible. In the 
former class belong external hemorrhages, as from the mouth, nose, 
throat, wounds, etc., and such internal hemorrhages as can be 
reached or inspected by special methods, namely, those from the 
uterus, urethra, bladder, rectum, etc. In the latter class may be 
listed such internal hemorrhages as intestinal, pulmonary, renal, 
cardiac, and cerebral. In all of these forms, aside from the loss of 
blood and the dynamic changes in the circulation, the functions of all 
organs suffer in varying degree. The signs and symptoms, therefore, 
common to all forms of hemorrhage are due, partly to changes in 
the circulation itself and partly to altered functions of various 
organs. In addition there are often special symptoms resulting 
from an extreme interference with the function of the organ in 
which the hemorrhage occurs. 

The general symptoms may be considered in four groups: (1) 
those immediately following a hemorrhage, (2) those occurring 
during its progress, (3) those following cessation, and (4) those 
preceding a fatal termination. 

Immediately after the occurrence of an obscure, internal hemor- 
rhage of moderate degree, the patient may have few symptoms. If 
the hemorrhage is large, however, and the fall of arterial blood- 
pressure sudden, the attendant cerebral anemia gives rise to various 
psychic phenomena. These may be: nausea, vertigo, or faintness, 
sensations of flashes of light, ringing in the ears, etc. The pulse 
is rapid and of large amplitude. 

As hemorrhage continues, the interval depending on the amount 
of blood lost, other symptoms make their appearance. The skin 
and mucous membranes are pale and the body feels cold. These 
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are partly attributable to the lower pressure, but partly also to an 
increased peripheral constriction directing the blood flow internally. 
Muscular weakness now comes on, tremors appear, and the voice 
is weaker. The breathing is increased in rate and depth and a 
cold sweat appears. Meanwhile the blood-pressure has fallen, the 
pulse has become small and increasingly rapid and the heart sounds, 
especially the second, have weakened. Blood examination shows a 
decrease in red cells and hemoglobin percentage, also a lessened 
specific gravity. 

If the hemorrhage ceases at this stage, the symptoms may 
remain for a time practically unaltered, which makes it difficult to 
decide whether or not the hemorrhage is continuing. The pulse is 
still rapid with no discernible change in amplitude. Augmented 
respirations may continue or they may become slower and more 
shallow, and it is impossible to determine whether this latter con- 
dition signifies recovery or that a fatal end is approaching. The 
hemoglobin and red cells continue to diminish for several days due 
to the greater dilution of the blood by incoming tissue fluids. 
The pressure, however, begins a steady rise and the pulse pressure 
increases. The writer has suggested this pressure rise as a sign 
of prognostic significance in hemorrhage. In animals, indeed, it is 
possible to determine accurately by consecutive blood-pressure 
readings at what point hemorrhage ceases. In practice, however, 
it is not always so easy to determine systolic and diastolic pressures 
because of muscular tremors and excessive muscular respiratory 
movements. 

If, instead of ceasing, the hemorrhage continues to a fatal ter- 
mination, certain symptoms generally precede death. The skin 
becomes yellow and dry, the eyes lustreless, and the patient sinks 
into a semi-comatose condition. The secretion of urine stops 
and the rectal temperature falls. The pulse becomes extremely 
weak, the respiration slow and interspersed with irregular gasps. 
Convulsive movements may supervene. The heart then becomes 
very slow, due to asphyxia, and the pulse beats become larger. 
This is soon followed by a state of ventricular fibrillation which 
marks the end. 

When the functions of important organs are seriously interfered 
with, special features often obscure by their prominence these 
general symptoms. Thus, in cerebral hemorrhages, the entrance 
of blood into the cranial ca\ities causes an increase in intracranial 
pressure with its attendant symptoms of slow heart, high pressure 
and Cheyne-Stokes breathing, associated, if the motor areas are 
involved, with hemiplegia. 

In hemorrhage from the lungs the coughing of blood and respira- 
tory difficulty, together with the fiooding of the lungs with blood 
and the psychic reaction invariably attendant upon hemoptysis. 
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often cause an extreme acceleration of the heart and a rise of 
arterial pressure. 

In wounds of the heart the accumulation of blood in the peri- 
cardium leads rapidly to an embarrassment of the cardiac filling 
similar to that found in cases of pericardial effusions. As soon as 
the extracardial pressure is great enough to impede the inflow of 
venous blood, the neck veins fill, the pulse becomes small, and 
syncope rapidly follows. 
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CHAPTER XXII. 
MECHANICAL IMPAIRMENT OF CARDIAC ACTION. 

INFLUENCES AFFECTING THE POSITION OF THE HEART. 

The heart is suspended in the thorax by its large vessels and its 
long axis is prevented from assuming a vertical position only by the 
fact that it rests upon the diaphragm below and is supported by 
the lungs laterally. It is inclosed within the pericardium, a rela- 
tively inelastic structure which is attached to the large vessels at 
the base, continued upward with the cervical fascia and merged 
with the central tendon of the diaphragm below. It is further 
anchored to the sternum and vertebral column by bands of con- 
nective tissue which are often sufficiently well defined to merit 
the term "ligaments." Owing to the intimate relation existing 
between the heart and the diaphragm the position of the former 
is determined by the movements and height of the latter. A change 
occurs even during respiration. The inspiratory descent of the 
diaphragm causes the axis to become more vertical, as electrocardio- 
graphic and x-ray studies show. The apex and base both move 
down, the heart shadow elongates, while the right and left borders 
move toward the right (Fig. 4). 

Pathological Changes in the Position of the Heart. — ^Aside from 
congenital variations and the pressure of intrathoracic tumors, 
the position of the heart may. be altered, either as a result of an 
abnormal position of the diaphragm or of traction by pathological 
adhesions. 

When the position of the diaphragm is very low, as frequently 
occurs in emphysema (Fig. 99), in enteroptosis with loose abdominal 
walls, etc., the heart occupies a median position, while its contour 
is long and narrow. Because the larger vessels are stretched, the 
actual boundaries of the heart may be displaced below the fourth 
intercostal space. 

When the entire diaphragm is pushed upward, as in cases of 
ascites, pregnancy, meteorism, etc., the heart assumes a more 
horizontal position. This is essentially an exaggeration of what 
normally occurs during expiration. If only the left dome of the 
diaphragm is pushed upward (as in cases of gastric inflation, 
tumors of the fundus, etc.), the apex is raised, and when the left 
dome rises higher than the right, the heart is pushed toward the 
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right. Ascent of the left dome due to a retraction of the left 
lung;, such as takes place in incipient tuberculosis, often causes the 
two domes to he equal in height and results in a median placement 
of the heart. The elevatii)n of the right dome, c 7., by an enlarged 
liver, pushes the heart horizontally to the left side. 

The position of the heart may be influenced by intrathijracic 
processes which exert a traction or pressure in a certain direction. 
Thus, any extensive atalectasis, pneumothorax, bronchostenosis, 
etc., of f)iie side causes a mf)vement of the heart toward that side. 
On the other hand, pleural effusions, aneurysms, etc., cause by 
pressure a displacement of the heart in the opposite direction. 
Adhesions between pleura and pericardiiun also tend to draw the 



Fig. UU. — Kailingram ^^howiriK tlic (_'lf(_-ct ol a luw iJiuijliragni on the iio-ition 
of the hoart. (After Grodel.} 

heart to the side upon which they occur. Turtherinure, adliesions 
between the lungs and diaphragm may secondaril>- affect the 
jicisition and respiratory movements of the heart. Thr writer has 
demonstrated in dogs that the posterior portion of the lieart and 
vense cavse flescend more than the anterior aspects of the base during 
inspiration, while the anterior aspect of the apex mo\-es forward 
and, conse(|ucntly, sliglitl\' u])ward. The descent of the base is 
largely due to a traction on the ligamentum pulmonali' (a double 
fold of the pleura continuous with the pleura pulnionali^. and 
passing downward from the roots of the lung to its \ertebral and 
diaphragmatic attachments), which causes the roots of the lung, the 
pulmonary xcssels and through them the base of the heart to move 
downward. In man, the ligamentum pulmonale is not continuous 
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with the diaphragmatic pleura, but adhesions between pleura and 
diaphragm are frequently seen in the dissecting-room which must 
act in a similar manner in drawing down the large pulmonary 
vessels and base of the heart. 

Clinical Manifestations. — A low position of the diaphragm and 
a vertical position of the heart are attended by clinical symptoms 
which indicate that the output of the heart is deficient. The 
patients suffer from dizziness and tire easily. The extremities are 
cold and the pulse is small, rapid, and weak. These symptoms may 
be associated with a lax abdominal wall and definite evidence of 
enteroptosis. Or, they may be found associated with long thoraces, 
and emphysematous changes in which the diaphragmatic excursion 
is markedly diminished. In some cases, careful observation shows 
that the abdominal wall is actually drawn in during inspiration 
(Wenckebach). In these cases, the heart is often hanging, as it 
were, by the large vessels and constitutes the so-called "hanging 
heart." Owing to the traction that each systole then has on the 
trachea, the patient may experience a distinct systolic tracheal 
tug resembling that obtained in aneurysm, or, since in some cases 
the condition is more pronounced during inspiration, the tug may 
be felt only during that phase. There may also be an inspiratory 
filling of the neck veins, as in adhesive pericarditis, or the arterial 
pulse may be small during inspiration due to a traction on the aorta. 

A high position of the diaphragm causes the heart to lie more 
horizontally, hence the heart dulness is often increased and the 
apex displaced to the left. The pulse is also small and poorly 
filled, but there are no signs of edema, venous engorgement, etc. 
The condition is sometimes associated with tachycardia and the 
writer is convinced that premature systoles are often associated 
with it. 

CONDITIONS AFFECTING THE PULMONARY CIRCULATION. 

The resistance offered to the blood flow in the pulmonary circuit 
affects not only the work of the right ventricle, but may also deter- 
mine the output of the left heart and the arterial pressure to a certain 
degree. It has been generally supposed (Tigerstedt) that a large 
share of the pulmonary circuit can be occluded without affecting 
the pulmonary arterial or the left auricular pressure. This has been 
accounted for as due to a compensatory opening up of the more 
peripheral pulmonary vessels which are normally collapsed to a 
certain extent. The writer has demonstrated, however, by more 
delicate manometers that the clamping of a single branch of the 
pulmonary artery in animals causes an increase in the maximal 
pressure both within the right ventricle and in the pulmonary 
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artery. The initial tension and steepness of the intraventricular 
pressure rise remain unchanged but the ejection period begins and 
ends progressively later and the summit is reached more slowly. 
These experiments indicate that wherever an increased resistance 
occurs, such as must follow pulmonary embolus, sclerosis and prob- 
ably infiltration in pneumonia, the right heart having a greater 
after-load to overcome, must respond with a more vigorous con- 
traction. If this persists it can be readily appreciated how the 
right-sided hypertrophy so generally associated with this condition 
arises. 

A similar increase in vascular resistance probably occurs in 
chronic pneumonia, tuberculosis, atalectasis and compression from 
pleural exudates, accounting in part for the hypertrophy of the 
right ventricle (Hirsch). 

The degree of lung expansion itself determines the resistance to 
the blood flow, as well as the capacity of the vessels. Cloetta has 
pointed out that two forces act upon the intrapulmonary blood- 
vessels when the lungs expand: (1) Since the vessels are situated 
between alveoli, there is at first a tendency to exert a radical traction 
and so expand them, as is shown in Fig. 24, but, as enlargement 
continues and the air spaces become inflated to their polygonal 
shape, they tend to compress the vessels contained in the spaces 
between their corners (Fig. 24) ; (2) in addition, as the lungs expand, 
a linear traction tends to elongate the vessels and so narrow their 
lumens. It is apparent from such observations that the effect on 
the resistance and flow of blood is the resultant of several factors. 
When the lungs are moderately inflated the flow is improved. 
This may account for the fact that the pulmonary arterial pressure 
falls in inspiration. When inflation becomes very great, according 
to Cloetta, the resistance increases, and this may explain why 
the pulmonary arterial pressure, to .judge from the augmented 
second pulmonic sound, is increased and the right ^'ent^icle often 
hypertrophied in conditions of emphysema and certain stages of 
asthma. 

It is not necessary to assume that the filling and output of the 
left heart are interfered with in all conditions in which the resistance 
is increased and the right heart action augmented. Thus, it is 
found that ligation of a section of pulmonary artery causes, syn- 
chronous with the elevation of pulmonary arterial pressure, no 
diminution in the left auricular pressure. This is partly because 
the \'elocity of flow is increased through the channels still open. 
This is in accordance with clinical findings, namely, that the blood- 
pressure is not low and the flow through the heart is not diminished 
or may be even increased (Stewart) in cases of advanced tuberculosis 
and in pulmonary emphysema. 
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PERICARDIAL EFFUSIONS. 

Pathological Physiology. — A small quantity of fluid is normally 
present within the pericardial sac, but this is without effect on the 
circulation. It has been demonstrated repeatedly, however (Cohn- 
heim, Starling), that a marked increase in pericardial fluid causes a 
decrease in arterial pressure and a rise of venous pressure because 
fluid is prevented from entering the heart. The results of Starling 
indicate that other reactions are indirectly called into play. This 
investigator allowed varying quantities of a bland oil to enter the 
pericardium and observed the simultaneous effects of different 
quantities on the arterial, venous, and portal pressures. These 
effects are indicated in the following table: 

Portal venous Inferior vena 



Amount of oil 


Arterial pressure, 


pressure, mm. 


cava, mm. 


introduced, c.c. 


mm. of mercury. 


MgSOi. 


.MgSOi. 


— 


90 


128 


36 


20 


90 


128 


36 


40 


90 


128 


40 


60 


Slight fall 


128 


58 


70 


90 


134 


76 


90 


56 


160 


124 


100 


26 


180 


170 


Heart stopped 


15 


215 


215 


Removed fluid to 


146 


322 


36 


Ten minutes later 


84 


148 


36 



A perusal of this table indicates that, though the venous pressure 
is raised, as much as 70 c.c. can be injected without affecting the 
arterial pressure. Starling believes that the decreased output is 
compensated for by a vaso-constriction. The portal pressure also 
rises due to a similar vaso-constriction and to the higher venous 
pressure. When more than 70 c.c. are injected, arterial pressure 
rapidly falls, for the reduction in output is then so great that it 
cannot be counterbalanced by any further peripheral vaso-con- 
striction. The portal pressure rises steadily with the venous 
pressure. When the pericardial fluid is removed, the arterial 
pressure rises suddenly to a much greater height than before and 
the portal pressure rises still higher, indicating that a great con- 
striction has occurred (Starling). 

Clinical Signs. — Patients with pericardial effusions may show few 
symptoms or they may be afflicted with fainting attacks. Upon 
examination, the interspaces are often found to bulge if the effusion 
is great. The impulse is either diffuse or absent. The auscultated 
sounds are dull, muffled, or indistinguishable. Under fluoroscopic 
examination all differentiation between auricle, ventricle and aorta 
are lost and a;-ray plates give a characteristic triangular shadow 
with its base down which corresponds to the dulness made out 
by percussion. The lung areas are dark owing to their congestion 
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(Fii;-. 1(1(1), After tlie removal of the exudate the heart pulsations 
apin'ur normal and the shadows regain their clearer outlines. A 
stud\- of the circulation ^Yhe^ effusions are present ^e^•eals a liigh 
A-enous pressure, a positive venous pulse, and is often accompanied 
hy an enlarged liver. The arterial pulse is small, the arterial hlood- 
pressure low, and the pulse pressure small. All of these sym]jtoms 
are u-ually relie\-ed by tapping the pericardium. 
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Fni. 100. — Radiogram from case of pericardial cfi'u^ion. (After Giodel.) 



PERICARDIAL ADHESIONS. 

In place of a total reabsorption of the exudate and fibrin, it not 
infrequently happens that the latter undergoes organization and 
forms strong elastic bands anchoring the epicardium to the peri- 
cardium. These bands may pass: ia) posteriorly to the mediastinal 
tissue, (6) below to the diaphragm, (c) anteriorly to the sternum 
and id) laterally to the pleura. 

Clinical Manifestions. — The clinical signs and symptoms are as 
\arie(l as the nature of the adhesions and consequently the diagnosis 
is most unsatisfactory. Alany cases pass undisco\-ered to the post- 
mortem table. The symptoms and disturbances created depend 
less on the number and extent of the adhesions than on their location 
and anchorage (Puegel). Disturbances arise when the movements 
and normal contractions of tlie heart are interfered with or when 
the entrance or exit of blood is mechanically blocked. 

According to liiegel, the adhesions may be divided, clinically, 
into two groups, namel}-, those showing general disturbances and 
those showing definite physical signs. The general disturbances 
are essentially those of cardiac insufficiency, palpitation, dyspnea, 
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cyanosis, and sometimes edema. They offer nothing distinctive 
upon which to base a diagnosis. The cases in which definite signs 
are present are also difficult to diagnose since the signs vary so much 
in different cases. It is desirable, therefore, to limit ourselves to the 
typical effects of different adhesions. 

The character of the apex beat is sometimes altered when anterior 
adhesions occur. It may not be displaced, as normally, with a 
change in body position, or there may be a strong systolic retrac- 
tion of the interspaces. When the heart is absolutely fixed to the 
surrounding structures of the posterior mediastinum, the anterior 
wall and to the diaphragm, there is with each systole a retraction 
of the lateral and lower interspaces opposite which the diaphragm 
is inserted (Broadbent's sign). This is of greater significance when 
the cartilages and lower end of the sternum are drawn in as well 
during each cardiac systole. In some cases an inspiratory inward 
movement of this region occurs (Wenckebach). 

Posterior adhesions usually encircle or compress either the vena 
cava or aorta in inspiration. If the former is the case then the 
extrathoracic veins fill in inspiration and the output of the heart 
decreases so that the arterial pulse becomes small in that phase. 
An entire wave may be dropped in inspiration when the adhesion 
causes a traction on the aorta and produces a stenosis or kinking 
(Kussmaul's pulse). 

If the adhesions are firmly attached to the lungs, their deflation 
may cause a kinking of the artery during expiration and so account 
for the dropping of an expiratory beat (Riegel's phenomenon). 

If the adhesions interfere mainly with efficient contraction of the 
right side of the heart, venous engorgement is prominent, while, 
if the left ventricle is affected, dyspnea and pulmonary edema are 
often brought on. 



AUGMENTATION OF INTRATHORACIC PRESSURE. 

An augmentation of intrathoracic pressure occurs under all con- 
ditions in which the egress of air is interfered with in expiration, 
either through a contraction of bronchioles, as presumably occurs 
in asthma and anaphylaxis or in some forms of laryngeal 
stenosis. 

Clinical Physiology. — If the intrathoracic pressure of an animal 
is increased by rendering its free expiration more difficult, it results, 
first, in a rise and later, a fall of the arterial pressure. The rise of 
arterial pressure can readily be shown to be accompanied by an 
increased cardiac output, the subsequent fall to a decreased discharge 
of the heart. Since the venoUs pressure in the extrathoracic veins 
rises and the effective right auricular pressure falls (personal 



AVGMEXTATIOX OF IXTRATHORACIC PRESSURE 351 



observation) in tlie latter case, the fall 
of arterial jiressure is associated with 
an impeded venous return occasioned 
by the hi<i;h intrathoracic pressure. 

Clinical Significance. — A similar effect 
on the circulation rc'^ults in paroxysms 
of asthma. The pulse is rapid and 
dicrotic, the veins congested, and arte- 
rial l^lood-pressures low. For purposes 
of study a similar reaction can be 
demonstrated in normal man b>' carry- 
ing out the well-kno\Mi experiment of 
^'alsalva, which consists in making a 
forced and prolonged expiratory effort 
after a preliminary deep inspiration. 
The radial pulse tracing then shows 
(Fig. 1(11, E) that the base hue at first 
ri.ses and later, if expiration be main- 
tained, falls somewhat, the pulse wave 
at the same time becoming hyper- 
dicTotic. The rise has been shown by 
Lewis to be due to an actual increase 
in arterial pressure and not, as some- 
times supposed, to a congestion of the 
vena; comites under the button (Hill, 
Barnard and Sequiera). The fall of 
the curve associated with hyperdicrcitic 
waves following the rise of pressure is 
usually explained as indicating a fall 
of arterial pressure due to the reduced 
venous return to the heart and a sub- 
secjuently decreased systolic discharge. 
This has been questioned by Lewis who 
contends that, owing to a simultane- 
ous contraction of abdominal muscles, 
the filling of the heart in man is 
ne\er impaired, anil the arterial press- 
ure remains high. Upon this point, 
however, his experiments are not con- 
\incing. Tracings taken with optical 
ajiparatus indicate that the pulse ampli- 
tude becomes smaller at the same time 
that the entire cur\-e falls and the 
dicrotic notch becomes larger. It seem> 
more ]jlausible, therefore, to regard 
the prolonged rise of intrathoracic 
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pressure as interfering with the venous return and so reducing 
the output and the arterial pressure. 
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CHAPTER XXllI. 
AFFECTIONS OF ARTERIES. 

ANEURYSM OF THE THORACIC AORTA. 

By an arterial aneurysm we understand the cylindrical, saccular 
or globular enlargement of an artery that follows the diminished 
resistance of its walls to the internal arterial pressure. Although 
aneurysms may develop in any artery, we shall confine ourselves 
to those affecting the intrathoracic aorta, both because this vessel 
is most frequently attacked and because an aneurysm in this situa- 
tion produces the most pronounced changes in the circulation. 

Pathological Physiology. — An aneurysm never develops without 
some weakening of the arterial wall. Apparently, the primary 
cause rs found in an inflammation of the vasovasorum which 
travels inward toward the media. Because of the deficient blood 
supply and toxic influences, a degeneration of the elastic tissue 
and muscle fibers occurs which diminishes the elasticity of the 
vessels. Hence, with every arterial impact there is less and less 
return to the normal condition and the artery undergoes a pro- 
gressive expansion. 

The shape of the aneurysm is determined primarily by the area 
involved, much as in glass blowing the protrusion upon blowing 
becomes globular, cylindrical, symmetrical or asymmetrical, in 
accordance with the area softened. The shape is sometimes 
secondarily altered by contact with external structures which distort 
it, or by irregular and secondary arterial necrosis which often gives 
a somewhat lobulated character to the sac. 

The progressive bulging is counteracted by two forces. The 
intima devoid of bloodvessels undergoes a compensatory thickening 
which may be so extensive in small aneurysms as to strengthen the 
wall adequately and "cure" the condition. In larger aneurysms 
this process is rarely sufficient. In these cases a deposition of 
fibrin layers frequently occurs which serves to strengthen the arterial 
wall locally. 

The dynamic effects of aortic aneurysms have been studied 
experimentally and the results applied to clinical cases by ]Marey 
and Francois Franck. These investigators concluded that the 
introduction of an elastic diverticulum into a periodic circulation 
scheme causes a damping of the pulse wave in the nearest arteries 
and, hence, makes the pulse smaller in these vessels. Thus, they 
23 
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believed that if an elastic and expansile aneurysm were situated in the 
innominate artery or in the aortic arch near the origin of the innom- 
inate, the right radial pulse would be smaller and the systolic 
pressure lower. If, on the other hand, the aneurysm involved the 
aorta near the origin of the left subclavian, or affected this vessel 
itself, the pulse and blood-pressure in the left arm would be smaller. 
The pulsus differens, as the difference in the two radial pulses has 
been termed, has therefore attained a certain diagnostic significance. 
Associated with the smaller pulse beat is a slower rise. This is 
due to the fact that the arterial system which, from a dynamic 
point of view, represents a poor system for transmitting the details 
of the central pressure variations to the periphery, becomes even 

less efficient when its volume elasticity coefficient I t — ) is further 

decreased by the introduction of an elastic sac. It is difficult to 
understand, however, why an aneurysm below the origin of the 
innominate should not affect the height of the pulse in the entire 
arterial system, rather than, as Fran9ois Franck maintained, the 
pulse in the right radial artery alone. If it be recalled that the 
velocity of the pulse wave is directly proportional to the elasticity 
coefficient and the thickness of the arterial wall, it can readily be 
seen that the rise of the pulse wave will be delayed in the vessels 
beyond the aneurysm. Thus, if the aneurysm be situated on the 
ascending aorta, the delay will be equal in both radials; if it affects 
the innominate, the right radial will be delayed; while, if it affects 
the subclavian or its origin, the left radial will be delayed. This 
delay is of greater diagnostic value than any change in size and 
contour. 

The expansile pulsation of the aneurysm itself occurs in two 
stages, as published graphic records show. The rise of such tracings 
is at first very steep, then becomes more gradual. There is no 
doubt that optical tracings would reveal even more important 
details, but such records, to the writer's knowledge, have not yet 
been reported. 

The effect that an aneurysmal sac has on the volume flow of 
blood and the velocity in the vessels peripheral to the aneurysm 
is of even greater importance. Since the output of the heart is 
unaltered, the total peripheral flow is unchanged. Artificial 
circulation experiments indicate that, if the aneurysm is situated 
on the ascending arch of the aorta, the flow in the branches cor- 
responding to the two radials is equal but the stream is more 
constant. The pulse tends to be anacrotic. During systole more 
blood is accommodated in the more capacious arterial system and 
during diastole the flow is greater. If the aneurysm affects the 
innominate, the volume flow through the branches corresponding 
to the right radial is reduced and the flow is less intermittent than 
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in the left. The reverse occurs when the aneurysm is at the origin 
of the left subclavian. 

Clinical Manifestations. — The clinical manifestations of aortic 
aneurysm are due almost entirely to pressure and so depend largely 
on their location; hence, it is desirable to consider separately the 
symptoms and signs of aneurysms involving (a) the ascending 
aorta, {b) the innominate or its origin, (c) the aortic arch and (d) 
the descending aorta. 

(a) Aneurysm of the Ascending Aorta. — If the aneurysm occurs 
within the pericardial sac, it manifests itself by many symptoms. 
Attacks of breathlessness and cardiac asthma associated with 
precordial pains of anginoid character usually occur. They are 
largely traceable to the fact that the pericardial space is encroached 
upon and the heart action mechanically interfered with. If the 
aneurysm is large, the entrance of venous blood is impeded. Hence, 
signs of venous engorgement and edema occur in the neck, arms 
and hand which may become considerably swollen. Evidence of a 
diminished ventricular output is shown by the smaller pulse and 
pulse pressure in both arms. A pulsation may be visible in the 
second or third interspace. The a;-ray plates may show a normal 
shadow, but when taken in the left posterior to the right anterior 
direction a racket-shaped enlargement appears. 

Aneurysm of the ascending aorta occurring external to the 
pericardium manifests itself in an entirely different way. The 
symptoms are less pronounced and occur only when the tumor 
becomes very large. The compression of the superior ^'ena cava 
causes a venous engorgement of the face and neck particularly 
on the right side. Dyspnea from encroachment upon the intra- 
thoracic space, and pain, due to erosion, are then present. 

The physical signs are very definite. The enlargement occurs 
to the right and forward and by displacing the vena cava and lung 
makes its appearance in the second and third interspaces to the 
right of the sternum. In the earlier stages, when the aneurysm 
comes in contact with the chest wall only, palpation over this 
region reveals a shock synchronous with the first sound and, more 
rarely, a diastolic shock synchronous with the second sound. 
Upon auscultation, a systolic murmur is heard in addition to the 
heart sounds. If the aneurysm is adherent to the trachea, the well- 
known systolic tracheal tug described by Oliver can be elicited. 
When enlargement continues so that a forward pressure occurs, 
and especially when erosion of bone and cartilage has begun, 
the pulsation becomes visible. On palpation, its forcible and 
expansile character are plainly perceived. The delay in the radial 
pulses is uniform but the right radial is often of smaller size. 
Rontgen ray plates show an enlargement to the right of the sternum 
in the second to the fourth interspaces. 
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(b) Aneurysm of the Innominate Artery or its Origin. — The 
signs and symptoms resemble closely those associated with aneu- 
rysm of the ascending aorta with the exception that the pul- 
sating tumor makes its appearance higher, i. e., under the right 
clavicle. Extension backward may cause a compression of the 
recurrent laryngeal nerve and give rise to cough and paralysis 
of the right vocal cord, which gives the cough a peculiar brassy 
quality. Pressure upon the sympathetic may perhaps cause the 
dilatation of the right pupil often present though it is not certain 
that the accompanying effects of syphilis are not accountable for 
this change (Babinski). The right radial pulse is smaller, more 
gradual in its rise, and delayed more than the left. The systolic 
blood-pressure may be from 10-30 mm. lower in the right arm. 

(c) Aneurysm of the Transverse Aortic Arch. — Inasmuch as little 
space is available without encroaching upon vital structures in 
the region where the aortic arch curves backward, aneurysms in 
this portion are attended by severe symptoms even when not very 
large. Broadbent has designated this type "the aneurysm of 
symptoms" as contrasted with "the aneurysm of physical signs" 
which applies to those arising from the ascending aorta. 

The symptoms are due largely to pressure upon the surrounding 
structures. Pressure upon the trachea, bronchi and veins causes 
dyspnea, especially when the patient is reclining and the tumor 
mass gravitates backward. Pressure upon the esophagus causes 
dysphagia; upon the recurrent laryngeal, paralysis of the vocal cords 
with a change in voice and cough of a peculiar, brassy character. 
Pressure on the nerves backward produces agonizing, localized 
pain, while sympathetic involvement causes the pupils to become 
unequal, the left being usually dilated. Compression of the veins 
on the left causes the veins of the left arm to become dilated and 
swollen. As the tumor makes its way forward, it appears medially 
in the suprasternal notch or lifting and eroding the manubrium 
(Fig. 102). The characteristic heaving, expansile impulse, the 
sudden shock and thrill characteristic of aneurysm can be felt a 
short interval after the first sound. The x-ray shadow" is very 
definite. The long, narrow shadow normally cast by the intra- 
thoracic vessels is replaced by a broad shadow superimposed on 
that of the heart (Fig. 103). The pulses differ on the two sides, 
being delayed and smaller on the left. Stewart, who measured 
the blood flow in such cases, found it almost equal in the two hands, 
a fact which indicates that, although an aneurysm distorts the shape 
of a pulse curve, it does not diminish the volume flow. 

(d). Aneurysm of the Descending Aorta. — The aneurysms of the 
descending aorta cause their symptoms chiefly by pressure on nerves 
emerging from the spinal cord. Thus may be explained the 
lancinating pains either in the shoulders, sides or abdomen, depend- 
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iiig on the region affected ami the areas of hyperesthesia. The 
pulsation may be visible posteriorly to the left of the spinal column 
or the shock and soiuifls ma\' be heard onh- in this rei,'ion. 




Flu. 101.'. — Photograph from r:i^r of iiiirun>ni of arrli ol aoita. {Aftei Ailmni 

aiifi MrC'rae.) 




Flo. 10;^ — RaiIioi:ram fioin ca.sr of aiji'ur>-si[i <.)f aoiMio ar';li. (.\ftcr Gifkiel.) 
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ARTERIOSCLEROSIS. 

Functionally, arteriosclerosis may be considered as a condition 
in which the elasticity and distensibility of the arterial wall are 
reduced or abolished by proliferative and degenerative changes 
in the intima, media, and adventitia. It is still debatable whether 
the intimal proliferation is a primary inflammatory one, or a com- 
pensatory thickening (Virchow, Thoma); whether it is entirely 
secondary to changes in the media and adventitia (Koster, Mar- 
chand, etc.) ; or whether these occur independently though simul- 
taneously (Ophijls). 

Pathological Physiology. — As far as the effects of arteriosclerosis 
on the circulation are concerned, we may divide them into two 
classes, viz.: those that affect the large elastic arteries (aorta, 
carotid, brachial, radial, femoral, etc.), and those that involve the 
peripheral arteries and arterioles in the media of which muscle 
fibers predominate. 

The more nearly the semi-elastic vessels approach the condition 
of inelastic tubes the more rapidly the pulse is propagated to the 
periphery. This occurs because physically they form a more 
perfect conducting system. 

As a consequence of the reduced distensibility, the quantity 
of ejected blood cannot be accommodated in the aorta and, hence, 
a larger onward displacement occurs during systole. During the 
subsequent diastole, however, less elastic or potential energy is 
available to move the blood onward, hence the flow and pressure 
both diminish rapidly. The result is a tendency toward an inter- 
mittent flow at the periphery and a rapid drop of the pulse wave in 
diastole. It is apparent that, through this factor, the peripheral 
pulse, in addition to its early rise and small amplitude, changes its 
shape, in that the descending limb is rapid (c/. page 120). 

When the large elastic vessels undergo sclerotic changes, their 
distensibility for equal pressure increments diminishes. The 
difference from normal vessels is schematically indicated in Fig. 
104. In a normal relaxed vessel the relative increase in cubic 
contents, as shown by the width of the lines, decreases with an 
increase of pressure. Hence, a pulse pressure of 20 mm. would give 
a greater excursion between 40-60 than between 100-120, while 
this, in turn, would be greater than the excursion between 180 and 
200. If, however, an artery is tonically contracted, the lower 
pressures do not cause as great an extension as moderate ones 
sufficient to overcome the tonicity of the arterial wall. Thus, a 
pulse pressure of 20 mm. might cause a larger excursion between 
100 and 120 than between 40 and 60, although at still higher press- 
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ures the amplitude would be diminished, for example, between 180 
and 200 (MacWilliam, Furst and Soetbeer, etc.). In arterio- 
sclerotic vessels the expansion also diminishes progressively with 
increments of pressure provided the muscular tonus is absent. 
When contracted tonically, however, the expansion may be irregular. 
In either case the expansion for corresponding increments of pressure 
will be less than in the normal arteries. Thus, in the arterio- 
sclerotic artery the expansion between 40 and 60, between 100 
and 120, and between 180 and 200 will always be less than at 
corresponding pressures in the normal arteries. 

We may now inquire what effect a peripheral sclerosis has on 
the arterial circulation. Inasmuch as the endarteritis causes 
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Fig. 104. — Three diagrams illustrating the effect of equal intra-arterial pressure 
■changes on the pulse amplitude at different diastolic pressures. /, normal arteries, 
relaxed; //, normal arteries under tonus; ///, arteriosclerotic arteries. 



a reduction in the lumen of the peripheral arterioles, the effect 
resembles an increase in peripheral resistance such as accompanies 
intense vasoconstriction. The effect on the arterial presure is 
well known. The decreased peripheral flow from the arteries to 
the capillaries causes an accumulation of blood in the arterial 
circuit and so elevates both systolic and diastolic pressures. The 
pulse pressure is decreased and the descending limb of the pressure 
wave becomes more nearly horizontal. The pulse is also decreased 
in amplitude and corresponds to the high tension pulses with 
gradual descent. 

The dynamic effect of sclerosis limited to the large distributing 
arteries and to the terminal arteries and arterioles is summarized 
in the following diagram: 
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Sclerosis of Distkibutinq Vessels. Sclerosis of Peripheral Vessels. 

Systolic pressure . . . . 

Diastolic pressure 
Pulse pressure 
Pulse amplitude 
Pulse shape 

Blood flow from arteries to cap- 
illaries 

Clinical Manifestations. — Although the sclerotic process may 
involve the vessels of one region or organ more severely or exclu- 
sively, the process is rarely restricted to either the central or the 
peripheral vessels alone, hence the effect on the circulation, governed 
partly by the severity of the process, is the resultant of the areas 
involved. It seems to be generally agreed that the systolic pressure 
is not altered so long as the large splanchnic region remains 
unaffected, even when sclerosis is palpable in the large peripheral 
vessels. When these vessels are affected, the systolic pressure is 
raised and the pulse pressure increases to 50-60 mm. (normal 
30-40 mm.). The rate of transmission of the pulse is always 
increased and may vary from 10.1 to 23 meters per second (Frei- 
berger, Miinzer). 

The peripheral pulse may be large or small, depending on the 
relative prominence of the factors before analyzed and also on the 
degree of cardiac hypertrophy usually accompanying arteriosclerosis. 

The contours of both the central and peripheral pulses have been 
studied by the optical capsules of Frank (Freiberger, Veil). It 
appears that the central pulse (carotid) has a rounded or flat top 
and that the preliminary vibrations have disappeared. The peri- 
pheral pulse shows a steep rise and either a rounded top or a plateau 
due to the fact that the form of the central pulse is transmitted 
better to the periphery. The rapid rise is accounted for by the 
rapid transmission of pressure in the rigid tubes. Secondary 
waves are often superimposed high on the descending limb, perhaps 
because they are more rapidly reflected from the periphery (v. 
Frey). Very frequently, however, there is no trace of dicrotism. 
The pulses obtained are not to be differentiated from those obtained 
when the tonus alone is augmented {i. e., ice application, digitalis). 

When the splanchnic vessels are involved or extensive, sclerosis 
of the aorta above the diaphragm occurs, the heart hypertrophies, 
but whether in reaction to a greater blood-pressure alone or as a 
result of a simultaneous toxic influence, has been discussed elsewhere. 
The apex is dislocated to the left and the impulse is often heaving 
and forcible. The sounds are loud and clear, especially the second 
aortic sound which is accentuated. 
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The radial arteries often reveal a palpable thickening which is 
either diffusely distributed or arranged as nodular buttons or ring- 
like bands. This is of particular diagnostic significance, since it 
seems that in " alcoholics" these vessels are the first to be attacked. 
Other more superficial vessels, as the temporal, show a tortuous 
course, which, upon palpation gives the impression of a stiff cord. 
Examination by the a-rays often establishes the existence of 
an arteriosclerotic vessel beyond doubt. 

In addition to these general symptoms, other signs and symptoms 
occur when the vessels of special organs, for example, the heart, 
the brain, the kidneys and the limbs are affected. For their details, 
previous chapters and other text-books must be referred to. 
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Aberrant waves in electrocardiogram, 
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Accelerator nerves, 27, 29, 30 
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"All or none," law of, 25 
Allorrhythmia, arterial pulse in, 115 
Alternation of heart, 117, 299 
arterial pulse in, 117 
clinical physiology of, 299 

recognition of, 300 
prognosis of, 301 
Alveoli, shape of, pulmonary resistance 

and flow and, 93, 347 
Amino-acid in heart beat, 33, 34 
Amplitude, pulse. See Pulse. 
Amyl nitrite, pulse and, 120, 263 
Anacrotic pulse, 119 
Anaphylaxis, arrhythmia in, 257 
circulation in, 256 
electrocardiograph in, 257 
heart in, 34, 256 
theories of, 256 
Anemia, blood flow in, 232 
heart in, 250, 338 
dynamic, 250 
Aneroid manometers, 199 
Aneurysm, cough in, 356 
cyanosis in, 355 
of thoracic aorta, 353 

Roentgen rays in, 355, 
356 
Angina pectoris, 252 



Angina pectoris, referred pain in, 253 
Anticathode rays, 239 
Aorta, aneurysm of, 353 

curve of arterial pressure in, 53 
pressure in, 53, 66 
Aortic facies, 326 

insufficiency, arterial pulse in, 120, 
328 
capillary pulse in, 326 
clinical manifestations of, 326 
hemodynamics of, 324 
intraventricular pressure in, 

325 
murmurs in, 327 
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radial pulse in, 328 
symptoms of, 326 
systolic pressure in, 329 
x-rays in, 327 
stenosis, arterial pulse in, 118, 323 
clinical manifestations of, 323 
hemodynamics of, 322 
intraventricular pressure in, 

322 
phonocardiogram in, 191 
radial pulse in, 323 
Roentgen rays in, 246, 323 

327 
symptoms of, 323 
Apex beat, 43, 150 

segment capsule for register- 
ing, 151 
Arm, blood flow in, 225 

pieces of blood-pressure apparatus, 
195 
Arrhythmia in anaphylaxis, 257 
arterial pulse in, 115 
blood flow in, 232 

pressure in, 216 
classification of, 115, 268 
in coronary occlusion, 249 
diagnostic significance of, 258 
in diphtheria, 260 
electrocardiograms in, 169, 268 
in goitre, 256 
of heart, 268 
phasic sinus, 272 
radial pulse in, 115, 268 
respiratory, 271 

arterial pulse in, 116 
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Arrhythmia, respiratory, clinical recog- 
nition of, 271 
in rheumatic fever, 262 
sinus, 269 

cHnical importance of, 269, 272 

recognition of, 272 
pulse in, arterial, IIS 

venous, 143 
significance of, 272 
supraclavicular, venous pulse in, 

143, 268 et seq. 
in syphiHs, 266 
K-ray examination in, 245 
Arterial manometer, Frank's, 50 
pressure, 66 

blood supply and, 79 
curve of, in aorta, 53 

in pulmonary artery, 89 
cycle of heart and, 71 
diastolic, 66, 68 

in man, measurement of, 

208 
pulse waves and, 71, 119, 
120, 298 
during plethora, 331 
in goitre, 256 
heart-sounds and, 189 
hemorrhage and, 341 
human, clinical value of, 214 
estimation of, 195 
variations of, 214 
manometers for recording, 50 
maximal, 70 
minimal, 70 
pulmonary, 87 

influences modifying, 91 
maximal, 88 
minimal, 88 

pathological changes in, 
346 
respiratory variations of, 95, 

99, 216 
in smaller vessels, 71 
systolic, 66, 68 

in aortic insufficiency, 

329 
average, 216 
discharge and, 68 
in man, measurement of, 
204 
pulse, 101 

in adhesions of pericardium, 

118 
in allorrhythmia, 115 
in alternation of heart, 117 
in aortic insufficiency, 120, 
122, 328 
stenosis, 118, 323 
in arrhythmia, 115, 268 et seq. 
respiratory, 116, 271 
sinus, 115, 269 
in auricular fibrillation, 117, 
296 



Arterial pulse in auricular flutter, 116, 
288 
in heart block, 116, 117, 276 
in nephritis. 1 22 
in paroxysmal tachycardia, 

116, 287 
in premature contractions of 
auricle, 116, 282 
of ventricle, 116,281 
in typhoid fever, 121, 263 
Arteries, distensibility of, on blood- 
pressure, 66 
on estimation of human press- 
ure, 204 
on pulse amplitude, 358 
pulse in, central, 101, 102, 103 
sclerosis of, 358 

velocity of blood flow in, 72, 74, 
225 
Arterioles, pressure in, 72 
Arteriosclerosis, blood flow in, 232 
clinical manifestations of, 360 
orthodiagram of heart in, 246 
pathological physiology of, 358 
pulse in, 122, 124, 359 
Roentgen rays in, 361 
Asphyxia, blood-pressure and, 256 

heart and, 256 
Asthma, circulation and, 245, 350, 351 
Auricle, contractions of, premature, 282 
clinical physiology of, 282 
recognition of, 283 
significance of, 285 
pulse in, arterial, 116, 282 
venous, 143, 283 
fibrillation of, 293 

clinical importance of, 296 
physiology of, 293 
recognition of, 296 
electrocardiogram in, 169, 297 
intraventricular pressure in, 

293 
mitral stenosis and, 321 
pulse in, arterial, 117, 296 
venous, 144, 297 
flutter of, 288 

clinical physiology of, 286 

recognition of, 288 
electrocardiogram in, 169, 289 
pulse in, arterial, 116, 288 
venous, 144, 288 
hypertrophy of, 304 

clinical signs of, 308 
electrocardiogram in, 170, 309 
Roentgen rays in, 246 
impulse spread in, 24 
right, function of, 63 

pressure in, 53, 62, 99 
systole of, 40, 53, 63, 128 
tachycardia of, 286, 287 
tachyrhythmia of, 286 
Auriculo-ventricular block, 272 el seq. 
bundle and node, 23, 273 



INDEX 



365 



Auriculo-ventrieular bundle, relation of 
extracardiac nerves to, 29, 273 
floor, movement of, 59 
tachyrhythmia, 290 
Auscultation, diastoUc blood-pressure 
and, 211 
of heart sounds, 175 
systolic blood-pressure and, 205 
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Bacterial toxins on heart, 248 
Bathmotrophic effects on heart, 30 
Bigeminal pulse, 116, 281, 283 
Bigeminus, full, 116, 281 

shortened, 283 
Bile, effects of, on heart, 34 
Blood, defibrinated, in perfusion, 32 
flow in anemia, 232 
in arm, 225 
in arrhythmia, 232 
in arteriosclerosis, 232 
determination of, clinical im- 
portance of, 231 
muscular contraction and, 79, 

250 
peripheral resistance and, 67 
in valvular affections of heart, 

231 
velocity of, in arteries, 72, 74, 
225 
in diastole, 74 
in systole, 74 
viscosity in, 79 
mass movement of, 229 
pressure, 66 

in animals, Valsalva's experi- 
ment on, 350 
apparatus, arm pieces of, 195 
in arrhythmia, 216 
asphyxia and, 256 
blood supply of organs and, 79 
in capillaries, 72 
in circle of Willis, 71 
curve of, in aorta, 53 

in pulmonary artery, 89 
determination of, clinical im- 
portance of, 214 
diastolic, 66, 68 

auscultation and, 211 
measurement of, in man, 
208 
distensibility of arteries on, 66 
effective, in man, 237 

in right auricle, 61, 77 
fever and, 217 
heart rate and, 68, 96 
human, clinical significance of, 
214 
estimation of, 195 
variations of, 214 
rhythmic, 215 



Blood pressure, intensity of heart 
sounds and, 189 
Korotkoff's method of deter- 
mining, 205, 211 
maximal, 70 

in pulmonary circuit, 89 
minimal, 70 

in pulmonary circuit, 89 
occillatory method of estima- 
tion of, 206 
respiratory variations of, 95, 

216 
in smaUer vessels, 71 
systoUc, 66, 68 

auscultation and, 205 
average, 70, 216 
measurement of, in man, 
204 
in valvular affections of heart, 
217 
supply, arterial pressure and, 79 
of brain, 78 
of head, 78 
of heart, 78 
of liver, 84 
of thyroid gland, 78 
velocity of, 72 
volume of, 75, 231 

determination of, 225 

flow of, 74, 225 

heart rate and, 76 

in man, determination of, 227 

in pathological conditions, 

231, 232, 331 
per cent, of oxygen in, 228, 

229 
venous pressure and, 77 
Bloodvessels of brain, 80 

carbon dioxide and, 337 
Body currents, compensation for, 157 
Bradycardia, sinus, 269 
Bradycardias, 114, 270 
Brain, blood supply of, 78 
bloodvessels of, 80 
perfusion of, 80 
Broadbent's sign, 350 
Bulbo-spiral fibers of heart, 42 
Bundle of His, 23, 273 



Calcium in heart beat, 33, 36, 37 
Calorimetric method for determining 

volume flow, 226 
Canalis auricularis, 21 
Capillaries, blood-pressure in, 72 
Capillary electrometer, 154 

pulse in aortic insufficiency, 326 
Capsules, optical, 101 
Carbon dioxide, bloodvessels and, 337 

cardiac tonus and, 26 

heart and, 337 
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Carbon dioxide, heart beat and, 34 
Cardiac action, infiltrations and, 248 

affections, dyspnea in, 313, 316 

function, retrograde changes and, 
248 

hemorrhage, 343 

insufficiency, 306 

symptoms of, 310 
tonus of heart and, 306 

movements, pericardium and, 43, 
345 

tonus, carbon dioxide and, 26 

valves, stenosis of, 311 
Cardiogram, 43, 150 - 

clinical importance of, 152 

negative, 152 

waves of, 151 
Cardiometer, 56 
Cardiopneumatic variations in pleural 

cavities, 58 
Cardioptosis, 345 
Carditis in rheumatic fever, 261 

in septicemia, 262 
Cerebral hemorrhage, 342 

vessels, action of adrenalin on, SO 
circulation in, 80 
vasomotors of, 80, 82 
Chlorosis, volume flow in, 232 
Christen's energometer, 221 
Circle of Willis, anastomosis of, 82 

blood-pressure in, 71 
Circulation in anaphylaxis, 34, 256 

asthma and, 245, 350, 351 

cerebral, in sleep, 83 

in coronary vessels, 80 

in diphtheria, 257, 259, 335 

emphysema in, 344, 347 

exogenous toxic influences in, 253 

extracts of thyroid gland and, 
255 

normal, hemodynamics of, 46, 66 

in pneumonia, 258, 263 

portal, 84 

pulmonary, hemodynamics of, 54, 
87 

syphilis and, 265 

in typhoid fever, 263 
Coefficient of elasticity, 66 
Compensation of heart, 311 

hypertrophic, 304, 308 
Compensatory pause, 280 
Compressed air manometers, 197 
Compression of vagus nerves in tachy- 
cardia, 287 
Conduction, cocain and, 36 

disturbances of, 273 

in heart, 17, 23, 25, 272, 273 

nerves and, 29 

temperature and, 32 
Contractility, nerves and, 30 

temperature and, 32 
Contractions of auricle, premature, 282 

of papillary muscles, 42 



Contractions, premature, clinical im- 
portance of, 281, 283, 285, 
286 
nodal, 284, 285 
of ventricles, 41 
premature, 280 
Coronary arteries, embolism of, 249 
symptoms of, 250 
occlusion of, 249 

arrhythmia in, 249 
intraventricular pressure 
and, 250 
sclerosis of, 252 

symjjtoms of, 252 
thrombosis of, 249 

symptoms of, 250 
vagus nerves and, 82 
flow, heart beat and, 250 

intraventricular pressure and, 

79 
systole of ventricle and, 84 
vessels, action of adrenalin on, 81 
vasomotor nerves and, 81 
Corrigan pulse, 328 
Cough in aneurysm, 356 
Critical pressure, 61, 77 
Current of action, 154 
Cyanosis in aneurysm, 355 

in valvular disease, 313, 317, 319 
Cybulski's method of measuring veloc- 
ity flow, 72 
Cycle of heart, 40 

arterial pressure and, 71 
pulmonary pressure and, 89 



Depressants of heart, 248 
Dextrose, heart beat and, 33 
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heart and, 44 
descent of, heart and, 44 
Diastasis, 59 
Diastole, 40, 52, 59 

velocity of blood flow in, 74 
DiastoHc blood-pressure, 66, 68 
auscultation and, 211 
murmurs, 192 
waves of venous pulse, 136 
Dicrotic waves, 103, 104 
Dicrotism, significance of, 120 

in typhoid fever, 263 
Differential manometer, 73 
DOatation of heart, 306 
of right ventricle, 306 
of ventricles, alcohol and, 254 
clinical importance of, 306 
I electrocardiogram in, 170 

! x-rays in, 246 

1 Diphasic current, 154 
I Diphtheria, arrhythmia in, 260 
i circulation in, 257, 259, 335 
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Diphtheria, dilatation of heart in, 261 
electrocardiogram in, 260 
heart in, 261 
murmurs in, 261 
Dromotrophic effect on heart, 29 
Ductless glands, heart and, 255 
Dudgeon sphygmograph, 105, 107 
Dynamic anemia of heart, 280 
Dynamics of heart beat, 46 
Dyspnea in cardiac affections, 313, 316 



Effective pressure in left auricle, 91 
in man, 237 
in right auricle, 61, 77 
Effusions, pericardial, 349 
Einthoven's phonocardiograph, 177 
Elasticity, coefficient of, 66 

in man, 122 
Electrocardiogram in anaphylaxis, 256 
in arrhythmia, 169, 268 
in auricular fibrillation, 169, 297 

flutter, 169, 289 
clinical importance of, 166 
in dilatation of ventricles, 170 
in diphtheria, 260 
in exophthalmic goitre, 171 
of exposed heart, 20, 162 
in heart block, 170, 278 
in hemorrhage, 171 
in hypertrophy of auricle, 170, 172, 
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of ventricle, 170, 172, 309 
interpretation of, 159 
in mitral stenosis, 170, 320, 321 
in premature contractions of ven- 
tricle, 170, 382 
respiration and, 168 
time relations of, 159 
in valvular affections of heart, 171 
lesions, 317, 320, 321, 322, 327 
variations of, normal, 166 

pathological, 169 
waves of, 158 
Electrometer, capillary, 154 
Embohsm of coronary arteries, 249 

heart and, 250 
Emphysema on circulation, 344, 347 
Endocarditis, 261, 311 
Endogenous toxic impulses, 255 
Energometer, 221 
Enteroptosis of heart, 344 
Epinephrin. See Adrenalin. 
Erlanger's criterion for systolic press- 
ure, 206 
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venous pulse and, 131 
waves of, 147 
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Esophagrams, interpretation of, 147 
Exercise, heart rate and, 115, 269 
orthodiagram and, 245, 246 
venous pressure after, 235 
Exogenous toxic influences on circula- 
tion, 253 
Exophthalmic goitre, 255 

electrocardiogram in, 171 
heart in, 115, 255 
! pulse in, 1 15 

tachycardia in, 255 
volume flow in, 233 
Extrasystole, nodal, 284 
sinus, 282 
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Facies, aortic, 326 
mitral, 316 . 
Fatigue of heart, 252 
Fedd6 oscillometer, 201 
Fever, blood-pressure and, 217 

heart and, 31, 257 
Fibrillation of, auricle, 117, 144, 169, 
293, 296, 337 
of ventricle, 250 
Fining of ventricles, 60, 61, 63 
Finger plethysmograph. 111 
First sound, cause of, 186, 187 
nature of, 183 
quality of, 174 
registration of, 184 
significance of, 189 
j Flint murmur, 193, 327 
i Fluoroscopic examinations in valvular 

affections, 244 
Flutter of auricle, 116, 144, 169, 286, 

288 
Frank-Petter sphygmograph, 105, 107 
Frank's arterial manometer, 50 
differential manometer, 73 
segment capsules, 101 

for recording heart sounds, 
179 
Full bigeminus, 116 

G 

Gaertner's method of determining 

venous pressure, 232 
GaUop rhythm, 174, 190 
Galvanometer of Einthoven, 154 

for recording heart soimds, 177 
Ganglia of heart, 25, 35 
Gasometric method of determining 

volume flow, 227 
Gerhartz's apparatus for recording of 

heart sounds, 181 
Goitre, arrhythmia in, 256 
arterial pressure in, 256 
exophthalmic, 255 
Gonococcus infections on heart, 257, 

263, 311 
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"Hanging heart," 346 
Head, blood supply of, 78 
Heart, abnormal positions of dia- 
phragm and, 344 
action of adrenalin on, 26, 34, 285 

of vagus nerves on, 29, 269 
in acute infections, 257-266 
alcohol and, 253 
alcoholic, symptoms of, 254 
alternation of, 117, 299 
in anaphylaxis, 34, 256 
in anemia, 250, 338 
arrhythmias of, 268 
asphyxia and, 256 
asthma and, 245, 350, 351 
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bacterial toxins on, 248 
bathmotrophic effects on, 30 
beat, alternation of, clinical im- 
portance of, 300 

amino-acids in, 33, 34 

calcium in, 33, 36, 37 

carbon dioxide and, 34 

cause of, 35 

coronary flow and, 250 

dextrose and, 33 

dynamics of, 46 

influences modifying, 31-34, 
248 ' 

intraventricular pressure and, 
32 

mechanism of, 63 

myogenic theory of, 35 

neurogenic theory of, 35 

potassium and, 33, 36 

proteins in, 33 

sodium and, 33, 36 

superimposability of, 60 

viscosity in, 33 
block, causes of, 278 

clinical importance of, 276- 
280 
physiology of, 272-275 
recognition of, 276, 277 

complete, 275, 277 

electrocardiogram in, 170, 278 

partial, 274, 276 

production of, 274 

prognosis of, 278 

pulse in, arterial, 116, 117 
venous, 143, 144 
blood supply of, 78 
bulbo-spiral fibers of, 42 
carbon dioxide and, 337 
chromotropic effects on, 29 
in chronic alcoholism, 253, 254 
compensation of, 311 
conduction in, 17, 23, 25, 272, 273 
coronary embolus and, 250 

occlusion and, 250 
cycle of, 40 



Heart, cycle of, blood-pressure and, 
pulmonary, 89 
systemic, 71, 97, 98 

pulse amplitude and, 118 

pulse pressure and, 66 
depressants of, 248 
descent of diaphragm and, 44 
dilatation of, 306 

in alcoholism, 253, 254 

in diphtheria, 261 

in rheumatic fever, 261 
displacements of, x-rays in, 345 
distribution of vagus nerves in, 

27, 29 
drugs and, 248 
ductless glands and, 255 
dynamic anemia of, 280 
effects of bile on, 34 
ejection period of, 52 
enteroptosis of, 344 
examination of, x-rays in, 245 
in exophthalmic goitre, 115, 255 
exposed, electrocardiogram of, 20, 

162 
failure, 306 

symptoms of, 252 
fatigue of, 252 
fever and, 31, 257 
foreign proteins in, 34 
ganglia of, 25, 35 
"hanging," 346 
in hemorrhage, 338 
indol and, 34 
infections in, 257-266, 
infiltration of, 248 
inotropic influences on, 30 
insufficiency of, myocardial, 306 

symptoms of, 310 

valvular, 311 et seq. 
irregularity of, 268 et seq. 
irritabihty of, 17, 25 

nerves and, 30 

temperature and, 32 
isolated, temperature in, 31 
isometric period of, 52 

in man, determination of, 
102, 123 
isotonic curve of, 56 
mechanical energy of, 66 

impairment of, 344 
movements of, 40, 42 
murmurs, 191 

muscle, properties of, 17, 21 
nerves of, 26, 27, 29, 30, 37, 269 
nutrition of, 248 

orthodiagrams of, in arteriosclero- 
sis, 246 
output of, 60-63, 74-77 
overstrain of, 306 
perfusion of, 31, 81 

effect of serum on, 32, 34 
pituitary extract and, 34, 248 
position of, adhesions and, 345 
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Heart, position of, respiration and, 43 
presystole of, 40 
rate, blood-pressure and, 68, 96 
in exercise, 115, 265 
hemorrhage and, 339, 340 
in man, influences affecting, 

114 
minute volume and, 62, 76 
nerves and, 29, 269 
pulmonary pressure and, 92 
in shock, 335 
systolic discharge and, 60 
temperature and, 32 
in typhoid fever, 263 
in uncomplicated acute fevers, 
258 
reflex pain and, 252, 253 
refractory period of, 25 
relaxation period of, 52 
reserve power of, 304 
respiration and, 44, 58, 70 
retrograde changes in, 248 
in rheumatic fever, 261 
salts and, 32 
sclerosis of, 248 
in shock, 336 
sino-spiral fibers of, 42 
size of, variations in, 245 
skatol and, 34 
sounds, 174 

apparatus for recording, 177 

arterial pressure and, 189 

auscultation of, 175 

cause of, 185, 190 

closure of valves of heart and, 

187 
determination of intensity of, 

189 
intensity of, 189 

blood-pressure and, 189 
Ohm's gelatin membranes for 

recording, 180 
in premature contractions, 281 
recording, Frank's segment 
capsule for, 179 
galvanometer for, 177 
gelatin membrane for, 180 
Gerhartz's apparatus for, 
181 
reduplication of, 190 
registration of, 177 
segment capsule for register- 
ing, 178 
string galvanometer for reg- 
istering, 177 
stimulants of, 248 
study of, methods of, 17 
sympathetic fibers to, 26, 28, 29 
temperature and, 31, 257 
Thebesian vessels of, 84, 249 
thyroid, symptoms of, 255 
tonus of, 17, 26, 31, 32, 63, 306 

cardiac insufficiency and, 306 
24 



Heart, tonus of, nerves and, 31 
temperature and, 32 
volume curve and, 63 
tojdc substances and, 34, 253 et seq. 
urea and, 34 
valves of, action of, 46 
affections of, 311 

blood flow in, 231 
blood-pressure in, 217 
electrocardiogi'am in, 171 
phonocardiogram in, 191 
a;-ray examination in, 245 
closure of, 64 

heart sounds and, 187 
insufficiency of, 311 et seq. 
lesions of, 311 
mechanism of, 46 
opening of, 64 

vibrations of, in venous pulse, 
135 
i Witte's peptone and, 34, 256 
j wounds of, 343 

I Hemodromograph, 72 
j Hemodynamics of aortic insufficiency, 

324 
J stenosis, 322 

of mitral insufficiencj', 314 

stenosis, 318 
of normal systemic circulation, 

45, 66 
of pulmonary circulation, 54, 87 
of tricuspid insufficiency, 312 
Hemorrhage, absence of irregularity 
in, 285 
arterial pressure and, 341 
cardiac, 343 
cerebral, 342 

cessation of, mechanism of, 339 
clinical manifestations of, 341 
electrocardiogram in, 171 
events following, 340 
from lungs, 342 
heart in, 338 

rate and, 339, 340 
pathological physiology of, 338 
pulmonary, 342 
terminal events in, 341 
Hepatic vessels, vasomotor control of, 

85 
Hewlett and v. Zwaluenburg's method 
of determining volume flow in arm, 
225 
His, bundle of, 23, 273 

conductivity in, 24 
crushing of, 25, 274 
in disease, 258, 259 
nerves and, 29, 273 
His-Tawara, node of, 23, 273 
system, 23, 273 

pathological changes in, 279 
Hooker and Eyster's method of deter- 
mining venous pressure, 233 
Hydremic plethora, 332 
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Hypertension, causes of, 215 
Hjfpertrophio compensation, clinical 
importance of, 304 
manifestations of, 308 
physiology of, 304 
Hypertrophy of auricles, 170, 246 

of ventricle, 170, 172, 246, 304, 309 
Hypotension, causes of, 215 



Incisura, 53, 103 

Indol, heart and, 34 

Infections, acute, heart in, 257, 266 

Infiltration of heart, 248 

cardiac action and, 248 
Inflation of lungs, pulmonary circuit 

and, 93 
Initial tension in ventricles, 55 
Inotropic influences on heart, 30 
Insufficiency, aortic, 324 
mitral, 316 
myocardial, 306 
tricuspid, 311 ei seq. 
Intersystolic period, 40 
Intra-auricular pressure, intraventricu- 
lar pressure and, 55 
minute volume and, 77 
systolic discharge and, 77 
variations of, 54, 132 
venous pulse and, 131, 132 
ventricle pressure curve and, 
55 
volume curve and, 61 
Intracardial manometer, Wiggers', 51 

nerves, 22, 27 
Intracranial pressure, 79 
Intrathoracic pressure, auricular press- 
ure and, 62, 99 
pathological disturbances of, 

350 
pulmonary resistance and, 93 
respiration and, 58 
venous pressure and, 62, 99 
ventricular contraction and, 
58,99 
Intraventricular pressure in aortic in- 
sufficiency, 325 
stenosis, 322 
in auricular fibrillation, 293 
coronary flow and, 79 

occlusion and, 250 
curve of, 52 
heart beat and, 32 
influences modifying, 55 
intra-auricular pressure and, 

55 
manometer for recording, 51 
Irregularity of heart, 268 
Irritability of heart, 17, 26 
nerves and, 30 
temperature and, 32 



Isometric period of heart, 52 
in man, 102, 123 
Isotonic curve of heart, 56 



Jacquet polygraph, 109 

sphygmograph, 105, 107 
Jugular pulse, segment capsule for 
registering, 134 



Keith-Flack node, 21 

Kent, right lateral bundle of, 25 

Korotkoff's method of determining 

blood-pressure, 205, 211 
Kussmaul's pulse, 350 



Law of "all or none," 25 

of uniformity of behavior, 60 

Liver, blood supply of, 84 
venomotor nerves of, 85 

Locke's solution, 33 

Lungs, hemorrhage from, 342 

infiltration of, pulmonary circuit 
and, 93 



M 

Mackenzie polygraph, 109 
Manometers, aneroid, 199 
arterial, Frank's, 50 
compressed air, 197 
differential, Frank's, 73 
intracardial, Wiggers', 51 
optical, 50, 51 
for recording arterial pressure, 50 

intraventricular pressure, 51 
theory of, 48 
types of, on sphygmomanometers, 

196 
vibration frequency test of, 49 
Marey's transmission sphygmograph, 
109 
wrist sphygmograph, 105, 107 
Mass movement of blood, 229 
Microphone in sound registration, 177 
Minute volume, 75, 231 
in man, 227 

pathological conditions and, 
231, 232 
Mitral facies, 316 
insufficiency, 316 

hemodynamics of, 314 
murmurs in, 37, 192, 317 
orthodiagrams in, 317 
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Mitral insufficiency, phonocardiograms 
in, 192, 317 
radial pulse in, 315 
symptoms of, 316 
x-rays in, 245, 246, 317 
pulse, 299, 318 
regurgitation, hemodynamics of, 

314 
stenosis, 319 

auricular fibrillation and, 321 
electrocardiogram in, 170, 320, 

321 
hemodynamics of, 318 
phonocardiogram in, 192, 320 
radial pulse in, 321 
symptoms of, 319 
x-rays in, 245, 246, 319 
Moritz and Tabora's method of esti- 
mating venous pressure, 235 
Murmurs, 190 

in aortic insufficiency, 162, 327 

stenosis, 191, 323 
diastolic, 192 
in diphtheria, 261 
in mitral insufficiency, 192, 317 

stenosis, 192, 320 
presystolic, 192 
registration of, 190 
in rheumatic fever, 263 
systoHc, 191 

in tricuspid stenosis, 312 
Muscles, papillary, contraction of, 42 
Muscular contraction, blood flow and, 

79, 250 
Myocardial insufficiency of heart, 306 
Myocardiograph, 19 
Myocarditis in acute infections, 257- 

265 
Myogenic theory of heart beat, 35 



N 



Nephritis, arterial pulse in, 122 

plethora in, 333, 334 
Nerves, accelerator, 26, 27, 29, 30, 37 
bundle of His and, 29 
of heart, 26, 27, 29, 30, 37, 269 

rate and, 29, 269 
intracardial, 22, 27 
splanchnic vasomotor, of liver, 85 
vagus, action of, on heart, 29, 269 

compression of, in tachy- 
cardia, 287 

coronaries and, 82 

cutting of, 269 

distribution of, in heart, 27, 29 
vasomotor, action of, 79, 80 

cerebral -vessels and, 80 

coronary vessels and, 81 

in disease, 252 

pulmonary vessels and, 93 
Neurogenic theory of heart beat, 35 



Nodal origin, extrasystole, 284 

premature contractions of, 284, 285 

rhythm, 270, 290 

tachycardia, 290 
Node, sinus, 21, 22, 269 

of Tawara, 23, 274 



OccLtrsioN of coronaries, 249 
heart and, 250 

intraventricular pressure and, 
250 
Ohm's heart sound capsules, 180 
Oligemia, 334 
Optical capsules, 101 

manometers, 50, 51 

transmission sphygmographs, 109 
Orthodiagrams, 242 

in aortic insufficiency, 327 
stenosis, 323 

in exercise, 245, 246 

of heart in arteriosclerosis, 246 

in mitral insufficiency, 317 
stenosis, 319 

in tricuspid insufficiency, 313 
Orthodiagraph, 241 
Oscillometers, 201 

Fedd^'s, 201 

of sphygmomanometers, 202 
Oxygen, minute consumption of, 229 

percentage volume of, in blood, 228 

rhythmicity and, 32 

tonus and, 26 



P-R interval, 21, 161, 167, 274 
Pacemaker, the, 22, 23, 269 
Pain, referred, in angina, 253 

reflex, heart and, 252, 253 
Palpation of pulse, 112 

of radial artery, 112 
Papillary muscles, contraction of, 42 
Paroxysmal tachycardia, 116, 143, 287 
Perfusion of brain, 80 
of fluids, 32 
of heart, 31, 81 
Pericardial effusions, pathological phys- 
iology of, 348 
symptoms of, 348 
x-rays in, 348 
Pericardium, adhesions of, 245, 349 
arterial pulse in, 118 
blood-pressure in, 216 
x-rays in, 245 
cardiac movements and, 43, 345 
Peripheral pulse, 101, 103 

resistance, blood flow and, 67 
on flow through organs, 79 . 
in infectious diseases, 257 
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Peripheral resistance on pressure and 
blood flow, 67 
in pulmonary circuit, 93 
vasomotor nerves in, 79 
vessels, sclerosis of, 359 
Phasic sinus arrhythmia, 272 
Phonendoscope, 176 
Phonocardiograms, 183 

in aortic insufficiency, 192, 327 

stenosis, 191 
clinical importance of, 189 

significance of, 187 
in mitral insufficiency, 192, 317 

stenosis, 192, 320 
time relations of, 184 
in valvular affections of heart, 191 
Phonocardiograph, Einthoven's, 177 
Phonoscope, Weiss', 182 
Photokymograph, 102 
Pitot's tubes, 72 

Pituitary extract, heart and, 34, 248 
Plethora, arterial pressure during, 331 
clinical manifestations of, 333 
hydremic, 332 
in nephritis, 333, 334 
pathological physiology of, 331 
venous pressure in, 332 
Plethysmograph, 73 
finger, 111 

method of determining venous 
pressure, 235 
volume flow, 225 
Pleural cavities, cardiopneumatic varia- 
tions in, 58 
Pneumonia, circulation in, 258, 263 
Polygraphs, efficiency of, 109, 136 
Jacquet, 109 
. Mackenzie, 109 
Zimmerman's, 109 
Portal vessels, pressure in, 85 

vasomotor control of, 85 
Potassium, heart beat and, 33, 36 
Premature contractions of auricle, 116, 
143, 282 
nodal, 284, 285 
of ventricle, 116, 143, 170, 190, 
280, 281 
Presphygmic period, 123 
Pressure, arterial, 53, 66, 79, 95, 195 
auricular, 53, 62, 99 
curve, venous pressure and, 55 
intracranial, 79 
intrathoracic, 58, 62, 93, 99 
intraventricular, 52, 55 
pulmonary arterial, 87, 89, 91 
venous, 55, 77, 132 
Presystole of heart, 40 
Presystolic murmurs, 192 

wave of venous pulse, 135, 139 
Proteins, foreign, on heart, 34 
Pulmonary arterial pressure, 87 
curve of, 89 
circuit, inflation of lungs and, 93 



Pulmonary circuit, maximum blood- 
pressure in, 89 
mmimum blood-pressure in, 

89 
peripheral resistance and, 93 
circulation, hemodynamics of, 54, 

87 
hemorrhage, 342 

pressure curve, respiration and, 91 
cycle of heart and, 89 
heart rate and, 92 
respiratory variations of, 89 
systolic discharge and, 92 
resistance, intrathoracic pressure 

and, 93 
vessels, action of adrenalin on, 93 
vasomotor nerves and, '93 
Pulse, adrenalin and, 120 

amplitude, distensibility of arteries 
on, 358 
heart cycle and, 118 
respiration and, 118 
amyl nitrite and, 120, 263 
anacrotic, 119 
arterial, 101 

in adhesions of pericardium, 

118 
in allorrhythmia, 115 
in alternation of heart, 117, 300 
in aortic insuffici noy, 120, 328 
in arrhythmia, 115, 268 
respiratory, 115, 271 
sinus, 115, 269 
in auricular fibrillation, 117, 
256 
flutter, 116, 288 
in heart block, 116, 117, 276, 

277 
palpation of, 112 
in paroxysmal tachycardia, 

116, 287 
in premature contractions of 
auricle, 116, 283 
of ventricle, 116, 281 
recording of, 105 
in typhoid fever, 121 
velocity of, 122 
in arteriosclerosis, 122, 124, 359 
bigeminal, 116, 281, 283 
capillary, in aortic insufficiency, 

326 
Corri an, 328 
esophageal, 146 

waves of, 147 
in exophthalmic goitre, 115 
flow in man, 266 

jugular, segment capsule for regis- 
tering, 134 
Kussmaul's, 350 
mitral, 299, 318 
palpation of, 112 
peripheral, 101, 103 
pressure, 66 
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Pulse pressure, average, 70 
heart cycle and, 71 
significance of, 68, 70, 217 
radial, 101 

in aortic insufficiency, 328 

stenosis, 323 
in arrhythmia, 115, 268 
cUnical significance of, 113 
collapsing, 120 
conformation of, 117, 118 
deficit in, 113 
in low resistance, 120, 263 
in mitral insufficiency, 315 

stenosis, 321 
registration of, 105 
rhythm of, 115 
subclavian, 104 
supraclavicular venous, 126 

in arrhythmia, 143, 268 

et seq. 
stasis in, 139 
tricuspid regurgitation 
and, 313 
waves of, 128, 130 
tracings, radial, cUnical importance 
of, 113 
by sphygmoscope, 111 
transmission time of, 122 
trigeminal, 282 
unequal, 117 

Valsalva's experiment on, 351 
venous, 126 

in arrhythmia, 143, 268 
respiration, 126 
sinus, 143, 269 
in auricular fibrillation, 144, 
296 
flutter, 144, 288 
diastoUc waves of, 136 
esophageal pulse and, 131 
in heart block, 143, 144, 276, 

277 
intra-auricular pressure and, 

131, 132 
in paroxysmal tachycardia, 

143, 287 
positive, 126 

in premature contraction of 
auricles, 143, 283 
of ventricle, 143, 
281 
presystolic wave of, 135, 

139 
systolic wave of, 135, 138 
vibrations of valves of heart 
in, 135 
volume, 75 

in man, measurement of, 
208 
wave, velocity of, 101, 122 
Pulsus alternans, 117, 300 
differens, 354 
inequalis, 117 



R 



Radial artery, palpation of, 112 
sclerosis of, 361 
pulse, 101 
Radiograms, 238, 240 
Recoil curve of body, 229 
Reduphcation of heart sounds, 190 
Referred pain in angina, 253 
Reflex pain, heart and, 252, 253 
Regurgitation, aortic, 324 
mitral, 314 
tricuspid, 312 
Respiration, electrocardiogram and, 168 
heart and, 44, 58, 70 
intrathoracic pressure and, 58 
position of heart and, 43 
pressor effects of, on pulmonary 
pressure, 89 
on systemic blood-press- 
ure, 70, 341 
pulmonary pressure curve and, 91 
pulse amplitude and, 118 
superimposability of volume curve 

and, 62 
venous pulse and, 126 
Respiratory arrhythmia, 271 

variations in arterial pressure, 95, 
216 
of blood-pressure, 95, 216 
of pulmonary pressure, 89 
Retrograde changes, cardiac functions 

and, 248 
Rheumatic fever, arrhythmia in, 262 
carditis in, 261 
dilatation of heart in, 261 
murmurs in, 263 
Rhythm, nodal, 270, 290 
of pulse, 115 
radial, 115 
Rhythmic variations in human blood- 
pressure, 215 
Rhythmicity, 17, 21 

disturbances of, 269 
nerves and, 29 
oxygen and, 32 
temperature and, 32 
Riegel's phenomenon, 350 
Right auricle. See Auricle, right, 
lateral bundle of Kent, 25 
ventricle. See Ventricle, right. 
Ringer's solution, 33 
Riva Rocci's method of estimating 
systolic pressure, 204 
sphygmomanometer, 195 
Roentgen rays. See also X-rays. 

in aortic insufficiency, 246, 327 

stenosis, 246, 323 
in arteriosclerosis, 361 
cUnical value of, 242 et seq. 
in displacement of heart, 345 
in hypertrophy of auricle, 246 
of ventricle, 246 
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Roentgen rays in mitral insufficiency, 
317 
stenosis, 319 
in pericardial effusions, 348 
physios of, 238 
technic of, 240 

in thoracic aneurysm, 355, 356 
in tricuspid insufficiency, 313 
use of, 240 



S 



Sahli's sphygmobolograph, 220 
Saline solutions in normal circulation, 
331 
in perfusion, 32 
in shock, 335 
Sclerosis of arteries, 358 
of coronaries, 252 
of hea.rt, 248 
of peripheral vessels, 359 
of radial artery, 361 
Segment capsule, 101, 102 

for registering apex beat, 151 
heart sounds, 178 
jugular pulse, 134 
Serum, effect of, on perfused heart, 32, 
34 
foreign, effect of, on circulation, 256 
Septicemia, carditis in, 262 
Shock, heart in, 336 
rate in, 335 
saline solutions in, 335 
surgical, 335 

clinical manifestations of, 335 
experimental physiology of, 
335 
toxemic, 334 

vasomotor centre in, 258 
traumatic, 335 

clinical manifestations of, 335 
experimental physiology of, 
335 
Sino-spiral fibers of heart, 42 
Sino-ventricular block, 272 

node, 23, 274 
Sinus arrhythmia, 269 

clinical importance of, 269, 
272, 
bradycardia, 269 
extrasystole, 282 
node, 21, 22, 269 
tachycardia, 270 
venous, function of, 25 
Skatol, heart and, 34 
Sleep, cerebral circulation in, 83 
Sodium, heart beat and, 33, 36 
Sounds, heart, 174 et seq. 
Sphygmobolograph, 220 
Sphygmograms, technic of taking, 108 
Sphygmographs, 105 et seq. 
Dudgeon, 105, 107 



Sphygmographs, Frank-Petter, 105, 
107 
Jacquet, 105, 107 
transmission, 109 

optical, 109 
vibration frequency test of, 106 
v. Prey's, 105, 107 
wrist, 105, 107 
Sphygmomanometer, 195 et seq. 
arm pieces of, 195 
Erlanger's, 200 
manometers of, 196 
oscillometers of, 202 
Riva Rocci's, 195 
Sphygmoscope as oscillometer, 201 

pulse tracings by. 111 
Stannius ligature, 21 
Stasis in supraclavicular venous pulse, 

139 
Stenosis, aortic, hemodynamics of, 322 
intraventricular pressure in, 

322 
murmurs in, 191, 323 
orthodiagrams in, 323 
of cardiac valves, 311 
mitral, 319 

auricular fibrillation and, 321 
hemodynamics of, 318 
murmurs in, 192, 320 
orthodiagrams in, 319 
Roentgen rays in, 319 
tricuspid murmurs in, 312 
Stethoscope, efficiency of, 176 
Stotes-Adams syndrome, 277 
String galvanometer, 154 

for recording heart sounds, 
177 
Strohmuhr, 72, 75 
Subclavian pulse, 104 
Supraclavicular venous pulse, 126 

waves of, 128, 130 
Surgical shock, 335 
Sympathetic innervation of heart, 26, 

28,29 
Syphilis, arrhythmia in, 266 

circulation and, 265 
Systole, 40, 52, 59 

of auricle, 40, 53, 63, 128 
velocity of blood flow in, 74 
of ventricle, 40, 52, 64 

coronary flow and, 84 
Systolic arterial pressure, 66, 68 
blood-pressure, 66, 68 
auscultation and, 205 
average, 70, 216 
discharge, arterial pressure and, 68 
heart rate and, 60 
intra-auricular pressure and, 

77 
pulmonary pressure and, 92 
rate and, 60 
venous pressure and, 61 
ventricular tonus and, 63 
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Systolic murmurs, 191 
pressure, 66, 68 

Erlanger's criterion for, 206 
Riva Rocci's method of esti- I 
mating, 204 i 

V. Recklinghausen's criterion 
for, 206 
wave of venous pulse, 135, 138 



Tachograph, 71 
Tachycardia, auricular, 286, 287 
clinical significance of, 292 
compression of vagus nerve in, 287 
in exophthalmic goitre, 255 
nodal, 290 
paroxysmal, 287 

pulse in, arterial, 116 

venous, 143 
vagus compression during, 287 
sinus, 270 
ventricular, 291 
Tachygraphic method of v. Kriess, 74 
Tachyrhythmia, auricular, 286 
auriculo-venticular, 290 
clinical importance of, 287, 288, 
289, 290, 291 
Tachyrhythmias, 286 
Tawara, node of, 23, 274 
Teleradiograms, 241 
Thebesian vessels of heart, 84, 249 
Thoracic aorta, aneurysm of, 353 

cUnical manifestation of, 

355 
pathological physiology 

of, 353 
Roentgen rays in, 355, 356 
Thrombosis of coronaries, 249 
Thyroid gland, blood supply of, 78 
extracts of, circulation and, 
255 
Tonusofheart, 17, 26 

of organs, total resistance and 

flow and, 79 

oxygen and, 26 

Toxemic shock, 334 

vasomotor centre in, 258 , 
Transmission sphygmograph, 109 
Traumatic shock, 335 
Tricuspid insufficiency, clinical mani- 
festations of, 312 
fluoroscopic examination of, 

245 
hemodynamics of, 312 
orthodiagrams in, 313 
physical signs in, 313 
relative, 312, 316 
Roentgen rays in, 313 
venous pulse in, 138, 313 
Trigeminal pulse, 282 
T.vphoid fever, arterial pulse in, 121 



Typhoid fever, circulation in, 263 
dicrotism in, 263 
heart rate in, 263 
split product of, on heart, 248 



Unequal pulse, 117 

Uniformity of behavior, law of, 60 

Urea, heart and, 34 



Vagus nerve, action of, on heart, 29, 269 
mode of, 37 
compression of, in tachy- 
cardia, 287 
coronaries and, 82 
distribution of, in heart, 27, 29 
severing of, in different ani- 
mals, 269 
Valsalva's experiment on blood-press- 
ure in animals, 350 
on pulse, 351 
x-ray examination in, 245 
Valves of heart. See Heart, valves of. 
Valvular affections of heart, 311 

diseases, cyanosis in, 313, 317, 319 
insufficiency of heart, 311 ei seq. 
Vascularity of organs, 77 
Vasomotor centre in toxemic shock, 
258, 334 
control of cerebral vessels, 82 
of hepatic vessels, 85 
of portal vessels, 85 
nerves of cerebral vessels, 80 
of coronary vessels, 81 
in disease, 252 
in peripheral resistance, 79 
of pulmonary vessels, 93 
Veins, pressure in, 72, 237 
Velocity of blood flow in arteries, 72, 
74, 225 
of pulse wave, 101, 122 
Venomotor nerves of liver, 85 
Venous pressure, blood volume and, 77 
critical, 61, 77 
in exercise, 235 
Gaertner's method of deter- 
mining, 232 
gauges, 234 
Hooker and Eyster's method 

of determining, 233 
intrathoracic pressure and, 

62, 99 
in man, measurement of, 232 
measurements, clinical impor- 
tance of, 235 
Moritz and Tabora's method 

of estimating, 235 
output and minute volume 
and, 77 
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Venous pressure in plethora, 331 

plethysmograph method of 

determining, 235 
pressure curve and, 55 
systolic discharge and, 61 
variations of, 132 
v. Recklinghausen's method of 
determining, 233 
pulse, 126 

in arrhythmia in, 143, 268 
respiration, 126 
sinus, 143 
in auricular fibrillation, 144 

flutter, 144, 288 
diastolic waves of, 136 
esophageal pulse and, 131 
in heart block, 143, 144, 276 
intra-auricular pressure and, 

131, 132 
negative, 126 
in paroxysmal tachycardia, 

143, 287 
positive, 126 

in premature contractions of 
auricle, 143, 283 
of ventricle, 143, 281 
presystolic wave of, 135, 139 
supraclavicular, 126 
systolic wave of, 135, 138 
tracings, clinical importance 

of, 136 
in tricuspid insufiiciency, 138, 

.313 
vibrations of valves of heart 
in, 135 
stasis, 313 
Ventricles, alternation of, 299 
contraction of, 41, 42 

premature, clinical physiology 
of, 280, 282 
recognition of, 281 
significance of, 285 
electrocardiograms in, 170 
pulse in, arterial, 116, 300 

venous, 143 
sounds in, 190 
dilatation of, alcohol and, 254 
clinical importance of, 306 
electrocardiogram in, 170 
a;-rays in, 246 
excitation wave of, 24 
fibrillation of, 250 
hypertrophy of, 304 

electrocardiogram in, 170, 172, 

309 
Roentgen rays in, 246 
musculature of, 42 
right, dilatation of, 306 

pressure in, 55 
systole of, 40, 52, 64 
volume curves of, 56, 59 
Ventricular contractions, intrathoracic 
pressure and, 58, 99 



Ventricular tachycardia, 291 

tonus, systolic discharge and, o6 
Ventril tubes, 239 
Vibration frequency test of levers, la 
of manometers, 49 
of sphygmographs, 10b 
Viscosity in blood flow, 79 

in heart beat, 33 
Volume curves of ventricles, 56, 59 
flow of blood, 74, 225 

plethysmograph method ol 
determining, 225 
pulse in man, 110, 227 
v. Prey's sphygmograph, 105, 107 ■ 
V. Kriess' tachygraphie method, 74 
V. Recklinghausen's criterion for sys- 
tolic pressure, 206 
method of determining venous 
pressure, 233 
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Waves of cardiograin, 151 

dicrotic, 103, 104 

of electrocardiogram, 158 

of esophageal pulse, 147 

of supraclavicular venous pulse, 
128, 130 
Weiss' phonoscope, 182 
Wiggers' intracardial manometer, 51 
Witte's peptone, heart and, 34, 256 
Wounds of heart, 343 
Wrist sphygmographs, 105, 107 



X-BAYS. See also Roentgen rays, 
in adhesions of pericardium, 245 
in aortic insufficiency, 327 

stenosis, 327 
in diagnosis, 238 
in dilatation of ventricles, 246 
in displacements of heart, 345 
examination in arrhjrthmia, 245 

of heart, 245 

in Valsalva's experiment, 245 

in valvular affections of heart, 
245 
in mitral insufficiency, 245, 317 

stenosis, 245, 246, 319 
in pericardial effusions, 348 
physics of, 238 
technic of use of, 240 
in thoracic aneurysm, 355, 356 
in tricuspid insufficiency, 313 
tubes, inverse current of, 239 



Zimmerman's polygraph, 109 



